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Abstract
The framing into demand driven operations is because of the operations research modelling
approach. The modelling approach requires continuous regressors and an independent response
factor. The demand as an operating factor is considered as independent response factor in relation
to the continuous regressors. The method validation is made along several longitudinal case
studies to cover local, global and international industrial operations. The examined operational
scope is from continuous operations to one-off production. Concerning scheduling, these
examined demand driven, industrial operations are considered as open and dynamic, flow shop or
job-shop operations.
The examined managerial scope is from local work management to global industrial operations
management. The theoretical framework of this study is based on operations management,
productivity and controllability engineering. The strategical target is to improve productivity. The
operational target setting is based on linear goal programming, streamlined demand driven
material flow and specified operating factors according to this study, Forrester effect diagnostics
and replenishment models.
The engineering of strategical target into exact operational schedule as a task target is hard to
accomplish, because of the combinatorial dynamic job-shop problem. The purpose of this study is
to simplify this managerial task. These study operating factors are the heart in constructing a
Decision Support System for the examined operations, alongside the method’s product flow
diagnostics.
This operations management method consists of the operating factors, specified in this study
and these specified factors’ use in constructing a Decision Support System, by engineering current
operations management system. The construct consist two parts. Firstly, the exact operational
target alignment along this method diagnostics and secondly, the control mechanism according to
this operational linear target. The expected managerial benefit is in productivity improvement.
The practical benefits are in savings in logistics costs and improvement in customer service, due
to shorten lead time and exacting delivery.
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Abbreviations
3S

Theoretical Synthesis, Synergy and Synchronization framework for
supply chain paradigms
APIOBCS Automatic Pipeline feedback compensated Inventory and OrderBased Production Control System
COVERT
A rule to schedule tasks in order of Cost Over Time
CR
A rule to schedule tasks in order of time remaining (Critical Ratio)
DSS
Decision Support System
EDD
A rule to schedule tasks in order of Earliest Due Date
FCFS
A rule to schedule tasks in order of arrival (First Come First Served)
FIFO
A rule to schedule tasks in order of first arrival (First In First Out)
FOR
A rule to schedule tasks in order of Fewest Operations
HVF
A rule to schedule tasks in order of profit contribution (Highest
Value First)
LEPT
A rule to schedule tasks in order of Longest Expected Processing
Time
LIFO
A rule to schedule tasks in order of last arrival (Last In First Out)
LPT
A rule to schedule tasks in order of Longest Processing Time
LWR
A rule to schedule tasks in order of Least Work Remaining
EMMDDIO This Exact Management Method for Demand Driven, Industrial
Operations
MOD
A rule to schedule tasks in order of Modified Operation Due date
NP-hard
Nondeterministic Polynomial-time hard
NQ
A rule to schedule tasks in order of smallest queue (Next Queue)
OPP
Order-Penetration-Point
PCO
A rule to schedule tasks in order of Preferred Customer Order
RAP
Integrated Rolling, Annealing and Pickling in stainless steel
manufacturing
RND
A rule to schedule tasks in Random order
ROI
Return On Investment
S
A rule to schedule tasks in order of smallest Slack
SPT
A rule to schedule tasks in order of Shortest Processing Time
S/O
A rule to schedule tasks in order of smallest Slack per remaining
Operation
S/OPN
A rule to schedule tasks in order of most Slack time remaining
(Slack/OPeratioNs)
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1

Introduction

There is very little research on practical, exact and aligned metrics for the demand
driven, industrial operations management, see e.g. Gunasekaran et al. (2001),
Gunasekaran & Ngai (2005), Gunasekaran & Ngai (2009), Hilmola & Lättilä
(2008), Huang et al. (2004), Simatupang & Sridharan (2004a), Simatupang &
Sridharan (2004b), Skjøtt-Larsen et al. (2007: 343), Tuominen et al. (2009).
According to Childerhouse et al. (2003), Skjøtt-Larsen et al. (2007: 343), the
constraints are lacking information, poor performance, immature metrics, and
lack of strategic thinking. The problem is also lacking practical methodology to
align a single task measurement up to supply chain performance (Beamon 1999,
Bhagwat & Sharma 2007, Huang et al. 2004, Skjøtt-Larsen et al. 2007: 343,
Wong & Wong 2008).
Bhagwat & Sharma (2007) argue that there is a need for a balanced approach
between operational and financial performance measures. They develop this
approach into a balance scorecard, as performance measurement system to
evaluate business operations in a supply chain. This approach is to construct
holistic performance metrics for the supply chain. (Bhagwat & Sharma 2007.)
Their study approach has similarities to this study in developing supply chain
metrics, but this study approach is more confined to core metrics to construct a
decision support system for the demand driven, industrial operations management.
Traditional performance measurement systems are merely built on cost
control schemes, and do not fit the company priorities (Gelders et al. 1994).
Ghalayini et al. (1997) found the management accounting system to be limiting to
performance measurement development. The management accounting system is
rigid, and created for control and cost reduction. The available information is
obsolete, too coarse, financial and predetermined for generality.
According to Gelders et al. (1994) there is lack of consistency between
business strategy, performance measurement systems and improvement actions.
According to Neely et al. (2000) performance measures are too narrowly focused,
general frameworks that provide little guidance for implementation. For
practicality, measurement systems need to pay attention to material flow and
information within the organization; to manufacturing. (Neely et al. 2000.)
Ferdows et al. (1990) constructs a cumulative manufacturing performance
approach as a sand cone model. This sand cone model works as brief introduction
into company internal measurement contrary to company external, delivery
13

performance measurement according to Gelders et al. (1994). This discussion is
from manufacturing priorities towards the flexibility (De Meyer et al. 1989).
The practical need in the examined industry is a method to construct a simple
Decision Support System (DSS). The DSS is for addressing case problems, from
strategic problems e.g. network planning to tactical problems such as order
allocation, all the way to operational problems e.g. scheduling (Simchi-Levi et al.
2008). The DSS is designed to aid human decision-making and provide
productivity tools for operational use (Emery 1987). This DSS need holistic,
exact, practical and aligned metrics for diagnostics, targeting and control.
These DSS metrics are the operating factors as continuous quantitative
variables (Wild & Seber 2000: 40–42), defined in this study. For exact linear goal
programming, the operating factors need to be proportional, additive, divisible,
and certain (Bendat & Piersol 1980, Conover 1971, Grönroos 2003, Haizer &
Render 2001, Harvey 1993, Hillier & Lieberman 2001, Ijiri 1965, Johnson &
Montgomery 1974, Lee & Moore 1974, Levine et al. 1995, Nahmias 2001,
Priestley 1981, Rushton et al. 2001), and for statistical modelling, the operating
factors behaviour need to be discrete to describe the system as continuous
regressors, and an independent response factor (Graves 1981, Wild & Seber 2000:
107–108).
Three questions serve as an introduction to the examined dilemma: What
does the competitive advantage of the industrial operations consist of? What
means are needed to emphasize the competitiveness? (Ansoff 1984, Hamel &
Prahalad 1994, Johnson & Scholes 2002, Mintzbeg et al.1998, Porter 1980, 1998.)
Is there a proper method to align competitive strategy into an exact operational
task’s target in practice? This introduction with the focusing research questions
(RQ1–3), towards this thesis, result as An Exact Management Method for
Demand Driven, Industrial Operations (EMMDDIO), is presented in Figure 1.
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Fig. 1. Introduction into examined dilemma and focusing research questions towards
this Exact Management Method for Demand Driven, Industrial Operations (EMMDDIO).

This research origins back to Industrial Dynamics conducted by Jay W. Forrester
(1961, 1978), into the principle to eliminate distributor level (Dejonckheere 2003,
Forrester 1961: 33, Geary et al. 2006). There exists plenty of research concerning
operational replenishment rules for Make-To-Stock operations (see e.g. Bender &
Riezebos 2002, Disney & Towill 2003, Disney & Towill 2006, Forrester 1961,
Geary et al. 2006, John et al. 1994, Lee at al. 1997b, McCullen & Towill 2002,
Silver 2008, Towill 1997, Wagner 1980, Wagner 2004, Wagner & Whitin 1958),
or lot-sizing rules for Material Requirements Planning (see e.g. Zhao et al. 2005),
but concerning Make-To-Order operations this practical and exact operational
research to streamline industrial operations according to Forrester (1961: 33),
Chen & Samroengraja (2000), Chen et al. (2003), and Schmenner & Swink
(1998), is comparatively less (see e.g. Gunasekaran & Ngai 2005 and
Gunasekaran & Ngai 2009). The Oxford Advanced Learner’s Dictionary of
Current English, by Hornby (1974), defines production streamlining as making
production more efficient by simplifying or getting rid of wasteful methods in a
factory.
The original Forrester effect has been studied as Burbidge effect according to
Burbidge (1989), as Forrigde effect to integrate Burbidge effect and Forrester
effect according to Towill (1997), as Bullwhip effect or Whiplash effect according
15

to Lee at al. (1997a) and Lee at al. (1997b), as Flywheel effect according to
Houlihan (1985), and as Lead Time Malady according to Mahoney (1997).
(Disney & Towill 2003.) The two last approaches, The Houlihan’s Flywheel effect
(Houlihan 1985, Disney & Towill 2003 and Disney & Towill 2006) and the
Mahoney’s Lead Time Malady (Mahoney 1997: 192) are in line with this study.
These two approaches are demand driven, and include scheduling and tactical
decision-making. The remainding approaches are operational studies, intending to
automate replenishment by simplifying operations as a transfer function.
At least Dejonckheere et al. (2003), John et al. (1994) and Towill et al. (2007)
improve their research in replenishment practices into analysing supply chain
performance with the Bullwhip analytics. Dejonckheere et al. (2003) extend their
time-series analytics up to spectral density preciseness. This study operating
factors and analytics are similar to those factors and to those diagnostics used in
analysing the Forrester or the Bullwhip effect by Dejonckheere et al. (2003),
Forrester (1961), John et al. (1994), McCullen & Towill (2002), Towill et al.
(2007).
The main problem in industrial material flow is still the demand amplification
upstream the product flow, according to Jay W. Forrester (1961) (Houlihan 1985,
Disney & Towill 2003, Disney & Towill 2006.) The proposals to eliminate this
harmful effect in the production-distribution system (Forrester 1961: 33) are
concluded as demand driven operations management in this study. The original
production-distribution system, according to Forrester (1961), is named as
industrial operations in this study, to cover this study’s empirical scope in total.
Also Forrester’s proposal (in 1961: 33), to place retailers’ orders directly with the
factory, is concluded as demand driven operations. In this study, this demand
amplification concluded by Disney & Towill (2003), is called as the Forrester
effect, because of the origins of this demand amplification (Forrester 1961).
According to Childerhouse et al. (2003) the most emerging and generic
problems are lack of proper information, poor performance, and lack of strategic
thinking in supply chain management. These similar barriers for International
supply chain integration are presented earlier, at least by Houlihan (1985). This
problem seems fundamental for the supply chain management.
The benefits produced by this method are evident along with exacting
delivery (Forrester 1961: 33, Geary et al. 2006, Houlihan 1985, Mason-Jones
1997) and shortening lead time (Towill 1996). According to the Finnish State of
Logistics 2009 (Solakivi et al. 2009), logistics costs are 14 percent of the turnover
on average. Transportation is the most expensive by 5 percent share, warehousing
16

holds 3 percent share and the capital tied up in inventory holds another 3 percent
share of the turnover. The rest are logistics management costs, packing for
delivery costs and miscellaneous costs. The survey covers Finnish large and
middle size companies in local and global supply networks. This 14 percent is
certainly worth of reengineering.
This EMMDDIO focuses on managing demand driven, industrial operations
by numbers. This quantitative target is for streamlining according to Burbidge
(1989), McCullen & Towill (2002), Towill (1997) and this framing into demand
driven operations is needed to avoid sub-optimization, according to Houlihan
(1985). The exact quantitative target setting is found complex, due to lacking
information (McCullen & Towill 2002). In addition, there is very little research in
proper methods for industrial operations target development, to align strategy into
an exact schedule and into an exact target and metrics for performance
measurement (see e.g. Childerhouse et al. 2003, Gunasekaran et al. 2001,
Gunasekaran et al. 2004, Gunasekaran & Ngai 2005, Gunasekaran & Ngai 2009,
Skjøtt-Larsen et al. 2007).
A rather similar approach to this method is presented by Gunasekaran et al.
(2001). They develop a framework for measuring the strategic, tactical and
operational level performance in a supply chain. The difference between this
study and the one by Gunasekaran et al. (2001) is that this study confines to nonfinancial measures, given lot sizes and planning periods. Also the purchasing and
defect measures are excluded from this study. The inventory replenishments and
quality repairs are handled within the time of delivery, according to Just-In-Time
operations and Lean philosophy (Naruse 2003, Womack & Jones 1996).
Gunasekaran (2005) discusses in the context of Build-To-Order supply chain,
how to resolve the conflict between Lean manufacturing and Build-To-Order
supply chain. The conflict arises towards the Lean principles of long stable runs,
stable schedules etc. with requirements of short runs, customer responsiveness
and unstable schedules along Build-To-Order method. In the long term, this
Build-To-Order supply chain incorporates Lean and agile enterprise strategies.
(Gunasekaran 2005.)
The further research by Gunasekaran et al. (2004) develops the Supply chain
performance metrics framework to measure Plan, Source, Make and Delivery
operations. The metrics in this framework are classified at strategic, tactical and
operational for clarity. They also suggest keeping their framework as a starting
point for an assessment of the need for supply chain performance measurement.
This development is aimed towards benchmarking methods, such as SCOR model
17

or balanced scorecard and these methodologies pose different tactics within this
study (Gunasekaran et al. 2001, Gunasekaran et al. 2004, Huan 2004). These
approaches are robust but not overly operational and exact.
The operations management is behavioral, for motivating and inspiring
people to perform organization activities towards a set common target. The
organizational control is constructed based on organization itself, strategy, policy,
programming, strategy control, organizational control, management control, and
management system. (Anthony et al. 1989.)
Along with supply chain management, operational control increases its
importance (Christopher 1998: 135). A shared managerial view, with shared
operational knowledge, up-to-date information, and supply chain synchronization
are the cornerstones of managerial thinking. (Christopher & Lee 2004, Lee 2004.)
Companies need to manage the entire supply chain, and the controllable target
fosters employees, to improve productivity (Bowersox et al. 2002).
According to Skjøtt-Larsen et al. (2007: 343), existing supply chain
performance measurement systems are process-oriented and lack the system
perspective. In addition, performance measurement systems are closed, internal
and too narrowly focused. Finally, performance feedback and measurement
communication is missing. Existing systems are not supply chain performance
measurement systems or, even more restricted, industrial operations performance
measurement systems.
Skjøtt-Larsen et al. (2007: 317) conclude that the current status of the supply
chain performance measurement maturity is continuous internally. They see the
second changes in paradigm as a step over functional boundaries and finally over
company boundaries. Supply chain management involves activities, goals and
objectives of two or more companies.
Where are the practical methods for implementation? The main problem in
financial approaches is price recovery (see for example Sink 1985: 145–150).
(Baumol & Fabian 1964, Eilon 1982, Eilon & Teague 1973, Garrioga & Tatjé
1992, Gold 1980, 1982, 1983, 1985, 1990, Hannula 1999, Loggenberg &
Cucchiaro 1981, Pineda 1990, Wagner 2004.) The financial approaches do work
accurately in measuring results, for control and for comparing scenarios
according to productivity (Sink et al. 1986), but for operational use, these
measures are difficult to implement (Sink & Tuttle 1989).
This study recognizes financial complexity and constructs a management
method by means of time and volume. The basis is streamlined product flow
according to Burbidge (1989), Graves (1986), McCullen & Towill (2002),
18

Schmenner & Swink (1998), and Towill (1997), measured according to
productivity improvement. Productivity as such, is linked into profitability, capital
spending, and quality according to Gold (1980, 1982, 1983, 1985, 1990), Eilon
(1982), Miller (1987), Pineda (1990), Risk (1965), and Sink (1985). According to
Kurosawa (1974, 1991), productivity is at its simplest form a physical, systematic
input output ratio.
Productivity improvement as a performance target is discussed contrary to
efficiency and effectiveness. Considering time, efficiency is operational and
effectiveness is strategical measure. Considering volume, efficiency and
effectiveness are ratio measures, analogous to benchmarking approaches. A ratio
measure needs a relevant baseline to be compared with (Eilon 1985). Efficiency
and effectiveness miss tactical and total supply chain performance (Skjøtt-Larsen
et al. 2007: 319–320).
This study method begins with a product flow analysis according to Forrester
(1961: 22–23), Burbidge (1989), Benders & Riezebos (2002). The operational
target for demand driven operations scheduling is defined according to
streamlining and synchronization (McCullen & Towill 2002, Schmenner & Swink
1998, Towill et al. 2007). The case studies framing into demand driven Make-ToOrder operations eliminates the Forrester effect, but robust planning, gaming,
incoherent or distorted information between demand and operations kick-starts
the effect (Forrester 1961, Geary et al. 2006, Lee et al. 1997a, Lee et al. 1997b,
McCullen & Towill 2002).
The DSS is constructed towards the operational target, according to
productivity improvement (Gold 1955, Taylor & Davis 1977, Kendrick 1977,
Sumanth 1984, 1998, Cross & Lynch 1988, Kurosawa 1974, 1991, Lee &
Billington 1992, Lee & Billington 1995, Lee et al. 1997a, Lee et al. 1997b, Lee
2004, Lynch & Cross 1995, Steiner 1996, 1997a, 1997b, Filtman 1996,
Christopher 1998, Bowersox et al. 2002, Christopher & Lee 2004). The DSS
dynamics and especially this EMMDDIO’s DSS iterative development, have an
analogy to the Kurstedt’s Management system modelling (Jones et al. 1986,
Kurstedt et al. 1988, Peterson et al. 1986, Sink & Tuttle 1989: 152–153). A
general operations control framework is a starting point for the study approach
and presented in Figure 2 according to Tersine (1985), Lynch & Cross (1995),
Meredith & Shafer (2001), Nahmias (2001), Krajewski & Ritzman (2002) and
Rushton et al. (2006).
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Bottom-up control by aligned metrics

Top-down planning by sensitive schedule

Fig. 2. General framework for operations control.

The framing of the dilemma is based on Eilon & Teague (1973) framework. The
material and information flow descriptions are based on principles by Aaltio &
Olkkonen (1976), Olkkonen & Eloranta (1978).
The EMMDDIO approach is constructed contrary to controllability
engineering approach by Eloranta (1981), Olkkonen & Eloranta (1978) and
Lehtonen & Seppälä (1997). The selected case studies represent a less explored
field and range from local steel industry up to global electronics industry.
Eloranta (1981) has examined mechanical engineering industry in full. Process
industry and more exact, paper industry, is explored in depth by Lehtonen (1999),
Lehtonen & Holmström (1998) and Koskinen & Hilmola (2007). The process
industry examined by Lehtonen (1999) and Lehtonen & Holmström (1998) is
used as a reference in this study. Such reference is useful when viewing out
consolidated deliveries as a step forward from local production towards global
deliveries. The difference is shown in number of operating factors, constructed
DSS, and targeting towards productivity.
20

1.1

Background

Pfeffer & Sutton (1999) emphasize that strategy alignment is the most difficult
task in operations management. They argue that managers usually know what to
do with the company, but the problem of conducting their knowledge into
organizational action is left unsolved. Organizations need to internalize reason for
using and fostering new metrics. Employees need to understand the performance
measures, the organization’s target, and the corporate strategy. They need to know
how their work relates to the set targets. (Brown 1996: 190.)
The main problem in controlling industrial operations is the accelerating
demand fluctuation upstream the product flow. This fluctuation is timely
incoherent. In the industrial scope, this problematic fluctuation is known as the
Forrester effect. In the supply chain context, this phenomenon is known as the
Bullwhip Effect. In relation to operational lot size and periodical batch control
this similar phenomenon is known as Burbidge effect. (Bender & Riezebos 2002,
Forrester 1961, Geary et al. 2006, Lee at al. 1997b, McCullen & Towill 2002,
Towill 1997)
The three main reasons for the demand amplification are the unforeseen
changes in demand, long lead times and batch production. The Bullwhip effect is
related to distorted demand information. This distorted demand information has
similar effect to supply chain as unforeseen changes in demand. Price change is a
major cause for changes in demand. Customers prefer to buy when the prices are
low and they buy in bigger quantities when fearing price increase in the near
future. (Lee et al. 1997b, Simchi-Levi et al. 2000.)
The customers’ overreaction in anticipating shortages, results in gaming.
Gaming accelerates fluctuation. Gaming causes speculations over the price and
availability of products. The cause of gaming is lacking information about real
demand. (Lee et al. 1997b: 101, Simchi-Levi et al. 2000: 84–85.)
Inventories fluctuate within the limits of set inventory levels, and according
to lead time, replenishment, batch length, lot size, and delivery lot. Characteristic
to operations with long lead times are batch production and large lot sizes. (Geary
et al. 2006, Simchi-Levi et al. 2000: 84–85, Towill 1996.)
The reasons for this batch control according to Bender & Riezebos (2002) are
costs of transportation, economics of scale in operations and specific run order
sequence. Lot size and batch length are forced too large by nature, because of
smoother running of operations and equipments (Lee et al. 1997b: 101, Simchi-
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Levi 2008: 195). Lot size and batch length inflates lead time, reduces
responsiveness, and increases inventory level (Mahoney 1997: 97).
The practical task of the empirical case studies is firstly to examine how each
system responds to demand and, secondly, to streamline case operations
according to Graves (1986), McCullen & Towill (2002), and Schmenner & Swink
(1998). The case studies framing into demand driven Make-To-Order operations
eliminates the Forrester effect, but robust planning, gaming, incoherent or
distorted information between demand and operations kick-starts the effect
according to Chen et al. (2000), Forrester (1961), Geary et al. (2006), Lee et al.
(1997a), Lee et al. (1997b), McCullen & Towill (2002).
Timing is emphasized in the study by discussing the concepts of timely
accuracy measurement, described in this study, and responsiveness according to
Christopher & Lee (2004). The Tardiness and the Lateness according to Nahmias
(2001: 419), are considered too robust and single-sided measures for this exact
examination. These measures do not measure both in-hand and delayed
production at the same time. These performance measures skew the empirical
data available for the case study diagnostics.
The material and information flows are treated independent from each other
according to Eilon & Teague (1973), Aaltio & Olkkonen (1976) and Olkkonen &
Eloranta (1978). This independency enables agility and virtual inventories for
planning and simulation.
The examined development of supply chain management is towards
synchronized, streamlined, responsive, Swift and Even Material Flow, according
to Christopher & Lee (2004), Forrester (1961), Graves (1986), Schmenner &
Swink (1998) and Schonberger (1990). The lead time shortens and narrower
supply chain brings out the Burbidge effect, in relation to lot size and batch length
(Bender & Riezebos 2002, McCullen & Towill 2002, Towill 1996).
The development of information transfer technology and the technology
development for product flow diagnostics, and Decision Support System analytics,
provides better tools to quantify supply chain (McCullen & Towill 2002, SimchiLevi et al. 2008), but exact core metrics and core data seem to be missing
(Peterson et al.1986, Geary et al. 2006, Skjøtt-Larsen et al. 2007: 343).
1.2

Scope, and approach of the study

This study scope represents demand driven, industrial operations. The framing
into demand driven operations is firstly because of the operations research
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modelling approach. The modelling approach requires continuous regressors and
an independent response factor. This framing assures the demand as a response
factor, independency to regressors.
The demand as an operating factor is considered as independent response
factor in relation to the continuous regressors. The response factor and the
regressors are defined by productivity (Bowersox et al. 2002, Cross & Lynch
1988, Gunasekaran et al. 2004, Gold 1955, 1980, 1982, 1983, 1985, 1990, Lee J
2004, Lynch & Cross 1995) according to Forrester effect diagnostics
(Dejonckheere et al. 2003, Disney & Towill 2003, Forrester 1961: 22–23,
McCullen & Towill 2002, Naim & Towill 1994, Towill 1997, Towill et al. 2007).
Secondly, the Forrester effect (Forrester 1961) has been a major problem in
industrial operations for decades. By shortening lead times to faster than the times
of delivery, and by expanding the Make-To-Order method to cover examined
operations, the Forrester effect is eliminated (Dejonckheere et al. 2003, Disney &
Towill 2006, Simchi-Levi 2008: 190). This is concluded as demand driven
operations in this study. The lead time shortening improves responsiveness,
decrease inventory levels, and prevent losses due to obsolete production (SimchiLevi 2008: 195, Towill 1996). This improvement directs operations development
towards one-off production (Bender & Riezebos 2002, Skjøtt-Larsen et al. 2007).
The conclusion of Holweg et al. (2005) is similar to the one presented in this
study. Their research on the Bullwhip effect in a supply chain concludes that
synchronization and integrated scheduling eliminates such effect, but their
research does not propose method to define optimal schedule for industrial,
demand driven operations.
This study also focuses on demand driven operations, downstream the OrderPenetration-Point (OPP) (Hoover et al. 2001: 138, Sharman 1984). The demand is
unknown upstream the OPP and this framing into known demand operations
classifies this scheduling problem as open shop problem (Graves 1981: 647). The
industrial target is to stress the OPP as far upstream the product flow as possible,
to shun forecasting errors, excess stocking, obsolete production and closed shop
scheduling problems, according to Graves (1981). (Hoover et al. 2001.)
This framing into demand driven operations is presented in Figure 3. The
frame of the research concerning operational replenishment rules for Make-ToStock operations according to Bender & Riezebos (2002), Disney & Towill
(2003), Disney & Towill (2006), Geary et al. (2006), John et al. (1994), McCullen
& Towill (2002), Rantala & Hilmola (2005), Towill (1997) or lot-sizing rules for
Material Requirements Planning (see e.g. Zhao et al. 2005), contrary to
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streamlined Build-To-Order operations according to Chen et al. (2003),
Gunasekaran & Ngai (2005), and Gunasekaran & Ngai (2009), is edged vertically
in the Figure. The supply chain performance analytics according to Dejonckheere
et al. (2003), John et al. (1994) and Towill et al. (2007) is edged horizontally in
the Figure.

Fig. 3. The framing into demand driven operations.

The time-series analytics up to spectral density preciseness by Dejonckheere et al.
(2003) has similarities to this study. The first difference in their analytics is in
using transfer function to simulate operations. The second difference is using
demand filtering and smoothing to absorb natural demand fluctuation. Also, this
study operating factors are basically similar to factors analysing the Forrester
effect by Dejonckheere et al. (2003), Disney & Towill (2003), Forrester (1961:
22–23), John et al. (1994), McCullen & Towill (2002), Towill et al. (2007). The
operating factors are sharpened in this study for statistics and for most accurate
analytics according to real data available.
According to Gunasekaran and Ngai (2005) the mass customization stresses
the extreme of Make-To-Stock and Make-To-Order planning methods. Right after
this mass customization end is the Build-To-Order supply chain. This research
approach on Build-To-Order supply chain is analogous to demand driven,
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industrial operations in this study and examines similar dilemmas, but in the
scope of a supply chain. Their research concludes that the development of
suitable measures of performance and metrics for Build-To-Order operations is
critical for managing this Build-To-Order supply chain. Also the development of
suitable planning and scheduling system is critical together with the current
information technology.
For theoretical and applied research Gunasekaran & Ngai (2005) suggest an
integrated model to integrate strategy and operations that take economic factors
market forces, and competitive factors into consideration. Later, Gunasekaran &
Ngai (2009) summarize that only limited analytical and simulation models are
available for this scope. For future research they suggest to develop performance
measurement from a total system perspective. Secondly, the suitable planning and
scheduling technique is needed to manage the Build-To-Order material flow. And
finally, the management information system is needed and research for modelling
and analysis of the tactical performance. (Gunasekaran & Ngai 2009.)
Gunasekaran & Ngai (2009) point attention for modelling and analysis to
more realistic simulation models for tactical scenarios. The mathematical
modelling should be developed for decision-making, concerning product and
system design. They also argue that the inventory and scheduling models as
production decisions, discussed in Gunasekaran & Ngai (2009), are usable to
determine the optimal level of stocking, delivery volumes, and timing, so that the
total cost of production can be reduced. The production decisions in Gunasekaran
& Ngai (2009) are: a heuristic model to decide whether the product is Make-ToStock or Make-To-Order (Rajagopalan 2002), a trim-loss problem (Balakrishnan
& Geunes 2003), and a replenishment model (Song & Yao 2002).
To describe this edged open shop system’s behaviour, the regressors’
responses are explained through the demand change in this study. (Graves 1981,
Grönroos 2003: 222–232, Wild & Seber 2000: 107–108.) In the demand driven
operations, where the demand is an independent operating factor to the examined
system, the regressors’ responses may be delayed and the responses are onedirectional. The actual lead time is shorter than the actual demand planning period,
the tactical variation is within the periodical planning period, and the operational
variation is within the operational lot size. This development is towards agile
pipeline according to Christopher & Lee (2004), concluded as demand driven
operations in this study context.
Exact scheduling approaches exist with a single target, but exact methods
with multiple hierarchical goal programmed target are rare (Baumol & Fabian
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1964, Dzielinski et al. 1963, Graves 1981, Manne 1958). The heuristic priority
(Tersine 1985: 561) or heuristic dispatching (Mahoney 1997: 81–85) rules seem
also single target oriented. A two-dimensional physical linear sequencing problem
has been solved exactly, but sequencing problem with more dimensions is yet,
NP-hard (Harjunkoski et al. 1996, Harjunkoski et al. 1998, Ortmann et al. 2010,
Slack et al. 1998).
The schedule may be measured by the profit maximization, capacity
utilization, timely accuracy and lead time (Graves 1981, Mahoney 1997: 81–85).
In addition, these measures need to cover different loads: operations with a heavy
load, operations with lighter load and those with no load. (Mahoney 1997: 81–85.)
This varying load forms the open shop scheduling problem as dynamic (Graves
1981).
The linear goal programming provides a way to strive several targets
simultaneously (Hillier & Lieberman 2001: 332), but for linear programming the
operating factors need to be proportional, additive, divisible, and certain (Hillier
& Lieberman 2001). Because of the proportionality and the additivity
assumptions and the price recovery, the financial approaches (see for example
Gunasekaran et al. 2001) are edged from this study. Financial approaches are too
complex for practice because of the price recovery and this complexity multiplies
according to the number of separate operations and decentralization (Baumol &
Fabian 1964, Chen et al. 2001, Gold 1955, 1980, 1982, 1983, 1985, 1990, Eilon
& Teague 1973).
This research follows a constructive approach by Kasanen et al. (1991),
Kasanen et al. (1993) and Olkkonen (1993). The constructive approach is a
research procedure for producing constructions (Kasanen et al. 1993).
The empirical research is made as a case study according to Yin (2002). Each
case is approached by relevant data, direct observation and interviews. The data is
collected from the case companies’ databases. The data is exact and precise
according to Yin (2002: 85–86.) Each quantitative case study follows typical
phases of the operations research modelling approach, according to Hillier &
Lieberman (2001: 7):
1.
2.
3.
4.
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Define the problem of interest and gather relevant data.
Formulate a mathematical model to represent the problem.
Develop a computer-based procedure for deriving solutions to the problem
from the model.
Test the model and refine it as needed.

5.
6.

Prepare for the ongoing application of the model as prescribed by
management.
Implement.

Especially the first case study follows these operations research phases. The first
case study is also at most depth quantitatively. The main contribution of this first
case study is the operational operating factors definition and the method
construction for using these defined operational operating factors. The next case
studies are made to test this constructed method that is using this defined set of
operational operating factors.
The operations in question are defined as an input–output system and this
system is approached by Forrester effect diagnostics towards the productivity
improvement. The regressive operating factors are inventories, timely accuracy,
order backlog and production. The operating factors to describe input are
inventories and order backlog. The operating factors to describe output are
production and timely accuracy. The streamlining and synchronizing principle
prepares the operations performance up in the optimum (Bender & Riezebos 2002,
Burbidge 1989, Bowersox et al. 2002: 55–60, Schmenner & Swink 1998, SimchiLevi et al. 2000: 179, Towill 1996, Towill 1997).
These operating factors are similar to factors used in Forrester or Bullwhip
diagnostics. Dejonckheere et al. (2003) simulates supply chain by transfer
function for Bullwhip diagnostics purpose to test different replenishment rules.
This transfer function is constructed by order backlog, production, delay, and
work in process inventory, towards demand. These factors are similar to Industrial
Dynamics according to Forrester (1961 and 1978), Automatic Pipeline feedback
compensated Inventory and Order-Based Production Control System (APIOBCS)
replenishment model according to John et al. (1994), Vendor Managed Inventory
(VMI) simulation according to Disney & Towill (2003), and Bullwhip diagnostics
according to McCullen & Towill (2002) and Towill et al. (2007).
The practical result of this EMMDDIO is a case specific Decision Support
System, according to Emery (1987) and Simchi-Levi et al. (2008). This DSS is
constructed by means of the operational operating factors and the operating
factors’ sensitivity to the case streamlined operational target, and programmed
linear operational target for scheduling. This linear target for scheduling is
programmed by means of linear, operational, goal programming (Bendat &
Piersol 1980, Conover 1971, Grönroos 2003, Heizer & Render 2001, Harvey
1993, Hillier & Lieberman 2001, Ijiri 1965, Johnson & Montgomery 1974, Lee &
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Moore 1974, Levine et al. 1995, Nahmias 2001, Priestley 1981, Rushton et al.
2000). The research questions are:
1.

2.
3.

What kind of exact approaches exist for linear goal programming, in
scheduling demand driven, industrial operations, and how to define the
operating factors?
What are the operating factors and how to organize defined factors into a
decision support system?
What kind of results this exact scheduling, and decision support system
produces and how to measure the benefits due from this development?

The target for this research validation is a weak market test according to Kasanen
et al. (1993). The weak market is tested by method’s relevance, simplicity and
easiness to use. The target for the case studies is to convince that this method
works in practice, in different industries, and in different industrial scopes.
The solution market validation according to strong market test is hypothetical
for the scope of this dissertation. The strong market tests need much more
confidential data before and after the implementation, and a good deal of time
(Kasanen et al. 1991, 1993, Olkkonen 1993: 57). The essential for this study is to
tie the problem and the solution together with theory. The practicality contributes
to the value of this method. (Kasanen et al. 1993)
1.3

Structure

This study is structured as follows: in Chapter 1 the thesis background, the scope,
the research questions, research approach, and this structure of the thesis are
introduced. The following Chapter 2 discusses the approach into operations
performance metrics and the framing into demand driven operations. The global
industrial operations in the supply chain context are biased towards operational
logistics and industrial operations management. The industrial operations
management dilemma is framed into a decision support system (DSS) framework
towards the productivity improvement. The operations’ target setting is aligned
into different industrial scope and time period, and the theory behind is discussed.
The theory synthesis concludes Chapter 2. The theory synthesis concludes the
core theory and answers the first research question (RQ1). This last section is
discussed in depth on operations management, according to productivity.
Chapter 3 describes the constructed operations management method and
explains the principles for using the method. The description and the explanation
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are made along empirical case studies. This chapter answers the second research
question (RQ2).
Chapter 3 also concludes the empirical study. The examination begins with
the method construction in the case study A. Cases B and C are conducted for
method reliability in similar local industrial operations. Cases D–F are discussed
to broaden the scope of the study into global industrial operations and to the
context of supply chain. Finally, cross-case analysis concludes the case studies.
The cross-case analysis together with managerial implications in Chapter 4
answers the third research question (RQ3). This final chapter discusses validation,
scientific contribution, managerial implications and further research. The practical
benefits due to using this method are concluded in Sub-Chapter 4.3.
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2

Theoretical framework

The study approaches industrial operations from the point of view of industrial
dynamics according to Jay W. Forrester (1961, 1978). The industrial operations
performance target is developed on the basis of synchronization. Informant
theories of productivity, production methods and inventory management are used
in defining the operating factors.
The conceptual and theoretical conclusion is made according to the Synthesis,
Synergy and Synchronization (3S) -model by Giannakis & Croom (2004). The
theoretical domain of the 3S framework is presented in Table 1.
Table 1. Supply chain paradigm according to 3S framework (Giannakis & Croom 2004,
published by permission of John Wiley and Sons).
Decision Dimension

Research Stream

Synthesis

Network Analysis

Informant theories
Embeddedness, Governance, Social
Networks Theories

Industrial Organizational Economics

Institutional Theory, Theory of the Firm
(Coase Theorem), Transaction Cost
Theory, Property Rights, Value Systems

Synergy

Strategic Management

Agency Theory, Resource-Based theory,
Portfolio Models, Value Analysis,
Game Theory, Fuzzy Logic,
Contingency Theory

Inter-Organizational Relationships

(Open) Systems Theory,
Interaction Model, Resource-Based
Theory, Group Dynamics, Chaos Theory

Synchronization

Operations Management,

Resource-Based Theory,

Logistics, Purchasing

Transformation Model,
Inventory Theory

Systems Engineering

Industrial Dynamics
(Forrester & Burbidge effect)

The synthesis approach relies on organizational theories, strategic positioning and
channel selection (Giannakis & Croom 2004). This study does not discuss chain
structure, organization or location. The synergy approach relies on interaction
among actors and inter-organizational behaviour (Giannakis & Croom 2004).
Neither cooperative nor behavioural aspects are covered in this study.
The synchronization approach is analogous to this study. Synchronization
through operational control is based on operations management, logistics,
operational research and systems engineering. The synchronization paradigm can
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be constructed into a quantitative form to measure the performance of industrial
operations. (Bowersox et al. 2002, Christopher & Lee HL 2004, Giannakis &
Croom 2004, Lee 2004, Schmenner & Swink 1998, Simchi-Levi et al. 2000: 179.)
The supply chain research streams by Giannakis & Croom (2004) are presented in
Table 2.
Table 2. Supply chain research stream and theories (Giannakis & Croom 2004,
published by permission of John Wiley and Sons).
Bodies of literature

Subject of research

Associated theories

Human Resource

Personnel Management

Guest Engineering

Industrial Organizational

Structure of the Supply Chain

Organizational Theory, Value Chain,

Economics

Governance / Ownership

Transaction Cost Economics,

Information Technology

E-Commerce, Internet,

Information Theory

Management

Institutional Theory
Electronic Data Interchange
Nature of the Firm,

Transaction Cost Economics,

Boundaries of the Firm,

Property Rights, Agency Theory,

Ownership

Firms as Nexus of Contracts

Inter-Organizational

Relationship Dynamics, Trust,

Interaction Model, Systems Theory,

Relationships

Resource Dependence,

Agency Theory,

Agency Theory

Transformation Model,

Knowledge Management

Knowledge Transfer,

Learning Theories

Law

Contracts Design

Management Accounting

Management of Financial Assets

Marketing

Relationships Marketing,

Institutional Economics

Resource Based Theory
Organization Learning
Contract Law Model

Flows

Network Analysis

Relationship Marketing,

Customer Satisfaction

Reverse Marketing

Embeddedness,

Governance, Embeddedness

Integration of Companies
Operational research

Inventory Management,

Game Theory,

Decision Making

Linear Dynamic Programming

Operations management Management of Flows,
Logistics, Transformation,
Production Planning, Forecasting,
Capacity Management,
Inventory Management,
Distribution Channels, Procurement,
Planning and Control,
Postponement, Reverse Logistics
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Transformation Model,
Systems Theory

Bodies of literature

Subject of research

Organizational Behaviour

Power, Trust, Capabilities

Sociology

Social Networks,

Associated theories

Management
Chaos Theory, Fuzzy Logic

Relationship Dynamics
Strategic Management

Decision Making, Outsourcing,

Resource-Based View,

Position in the Supply Chain,

Agency Theory,

Value Chain, Integration of

Transformation Model,

Companies,

Systems Theory,

Structure of the Supply Chain,

Portfolio Management,

Partnership / Alliances, Benchmarking, Contingency Theories
Postponement, Supplier
Management
Systems engineering

Industrial Dynamics, Resonance

Forrester & Burbidge Effect, Chaos

The practical approach of this study is a quantitative management method for
demand driven, industrial operations. The study focuses on operations
performance. The domain of the case studies is industrial operations as internal
supply chain. The domain is selected to cover data in depth and cause and effects
entirely (Harland 1996). External supply chain approaches are network
performance and relationship performance (Harland 1996 and Croom et al. 2000).
This study research streams are operations research, operations management
and systems engineering (Giannakis & Croom 2004). Theories related to
decision-making and gaming are considered as tangential and needed when using
the Decision Support System, engineered by this study method. Postponement is
also discussed tangentially, in the context of order penetration into demand driven
operations (Hoover et al. 2001: 138, Simchi-Levi et al. 2008: 190).
Power is discussed briefly in the context of distribution channel according to
Bowersox et al. (2002) and Stern & El-Ansary (1992). The purpose is to highlight
constraints due to international logistics concerning regulations, policies and
national competitiveness. (Schary & Skjøtt-Larsen 2001, Simchi-Levi 2008.)
The main subject of this study is industrial operations management, globally.
The difference between international logistics and global industrial operations is
stressed because of different interests in supply chain management. (Schary &
Skjøtt-Larsen 2001, Simchi-Levi 2008.)
Procurement, value chain and reverse logistics are excluded because the study
focuses on demand driven, forwarding operations; from raw materials to final
product delivery (Harland 1996). Procurement takes place before production start,
33

reverse logistics is needed after product use and value chain concerns single
business only.
This study carries alignment through operating factors (Croom et al. 2000).
The core is a mechanism to conduct strategy quantitatively into operational
performance. The theoretical framework is presented in Figure 4.

Fig. 4. Theoretical framework of this study.

Theoretical framework presented above is divided into five sequential sections
based on research approach development. The sections are titled according to the
structure in Chapter 2. The hook in Figure 4 describes the scheme of this thesis:
1.
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The top right triangle describes the linkage into tangential supply chain
theory. Logistic product flow is analogous to material flow and supply chain
description (Schary & Skjøtt-Larsen 2001). Production flow is illustrated
according to Burbidge (1989). Product grouping is made according to Group
Technology (Burbidge 1989 and Tersine 1985: 366).

2.

3.

The bottom right polygon describes the industrial operations target
development. Streamlined, synchronized, responsive, Just-in-time operations
according to Graves (1986), Schmenner & Swink (1998), Schonberger (1990),
tackles the Forrester effect according to Burbidge (1989), Forrester (1961),
McCullen & Towill (2002), and Towill (1997). The lead time shortening
foster responsiveness (Christopher & Lee 2004, Schonberger (1990), Towill
1996) and manufacturing flexibility according to De Mayer et al. (1989).
The bottom left polygon describes the methodological development of the
study. Operations are outlined according to the material and information flow
by Aaltio & Olkkonen (1976) and similar to the controllability engineering
approach by Eloranta (1981), Olkkonen & Eloranta (1978) and Lehtonen &
Seppälä (1997). Operations are illustrated by flow chart symbols presented in
Tersine (1985: 259). The arrows and the principle picturing material flow are
from System Dynamics models according to Roberts (1978: 21).
The amount of controllability engineering factors is reduced by the
principles of performance pyramid and productivity. Productivity aligns
financial measures with operational performance (Gold 1955, Taylor & Davis
1977, Kendrick 1977, Sumanth 1984, 1998, Cross & Lynch 1988, Kurosawa
1974, 1991, Lee & Billington 1992, Lee & Billington 1995, Lee et al. 1997a,
Lee et al. 1997b, Lee HL 2004, Lynch & Cross 1995, Steiner 1996, 1997a,
1997b, Filtman 1996, Christopher 1998, Bowersox et al. 2002, Christopher &
Lee 2004). The operating factors are similar to Forrester effect diagnostics
according to Dejonckheere et al. (2003), Disney & Towill (2003), Forrester
(1961: 22–23), John et al. (1994), McCullen & Towill (2002), Towill (1997),
Towill et al. (2007) and replenishment rules for Make-To-Stock operations
(see for example Bender & Riezebos 2002, Disney & Towill 2003, Disney &
Towill 2006, Forrester 1961, Geary et al. 2006, Lee at al. 1997b, John et al.
1994, McCullen & Towill 2002, Silver 2008, Towill 1997, Wagner 1980,
Wagner 2004, Wagner & Whitin 1958).
The management accounting approaches, such as capital productivity,
balanced scorecard and supply chain operations models are discussed briefly
in order to cover the research dilemma. These approaches are too complex for
this study purpose. The price recovery switches financial measures too
complex for the practice (Gold 1955, 1980, 1982, 1983, 1985, 1990, Sink
1985: 145–150). The price recovery multiplies according to the number of
separate businesses in a supply chain (Eilon & Teague 1973).
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4.
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Lean thinking is strongly analogous to the constructed management
method, but Lean is too confined to manufacturing and to a single company
(Naruse 2003, Womack & Jones 1996). The performance pyramid according
to Cross & Lynch (1988), Lynch & Cross (1995) offers a better stance to
tackle operational performance. The construction takes quality and waste into
account, according to Lean manufacturing and Lean enterprise (Womack et al.
1990, Womack & Jones 1996). By framing the study into demand driven
operations with hypothesis of zero defects (e.g Logothesis 1992), the system
simplification is satisfactory. The quality control is considered as internal and
the defects are presumed to be fixed within lead time and safety stocks.
Practically, the study is based on operational logistics and measurement of
change according to productivity improvement (Eilon & Teague 1973).
The top left triangle describes the computational development. Supply chain
and global industrial operations are analogous to flow-shop or job-shop
operations according to French (1982). The flow-shop and job-shop
operations scheduling is combinatorial in the abstract sense (Dyckhoff 1990:
148). Because of the combinatorial logic, in the flow-shop and in the jobshop operations, scheduling is NP-hard (Nondeterministic Polynomial-time)
in a strong sense (Lawler et al. 1981, Garey & Johnson 1979: 241–242, Balas
et al. 2008, Brucker & Kravchenko 2008).
According to Heinonen (2007), the exact mathematical methods for
solving job-shop and flow-shop problem are the mixed integer linear
programming and the branch & bound method (Land & Doig 1960). In both
methods, the optimal schedule is found by comparison of all the alternatives
with the objective function. The branch & bound method minimizes the
amount of alternative combinations (Lawler & Wood 1966). The success
depends critically on the form of the objective function. The simplest
objective functions are linear and linear weight functions. (Lee J 2004.)
The operating factors correlation is linear in goal programming. In
addition to linearity, goal programming allows a hierarchical target. Linear
programming is easily converted into goal programming with all the relevant
managerial goals in the hierarchy of importance. (Lee & Moore 1974.) This
study contributes to the formation of the goal programmed linear target.
Exact scheduling approaches exist with a single target, but exact methods
with multiple hierarchical goal programmed target are rare (Baumol & Fabian
1964, Dzielinski et al. 1963, Graves 1981, Manne 1958). The heuristic
priority (Tersine 1985: 561) or heuristic dispatching (Mahoney 1997: 81–85)

5.

rules seem also single target-oriented. A two-dimensional physical linear
sequencing problem has been solved exactly but sequencing problem with
more dimensions is yet NP -hard (Harjunkoski et al. 1996, Harjunkoski et al.
1998, Ortmann et al. 2010, Slack et al. 1998).
The linear goal programming provides a way to strive several targets
simultaneously (Hillier & Lieberman 2001: 332), but for linear programming,
the operating factors need to be proportional, additive, divisible, and certain
(Hillier & Lieberman 2001). Because of the proportionality and the additivity,
assumptions and the price recovery, the financial approaches (see for example
Gunasekaran et al. 2001) are edged from this study. Financial approaches are
too complex for practice because of the price recovery, and this complexity
multiplies according to the number of separate operations and
decentralization (Baumol & Fabian 1964, Chen et al. 2001, Gold 1955, 1980,
1982, 1983, 1985, 1990, Eilon & Teague 1973).
The core theories are at the centre of the triangle: productivity, the product
flow diagnostics, performance measurement with alignment, linear targeting
and streamlined demand driven material flow. The spokes and nerves in the
Figure describe the divergence from the theoretical framework. The job-shop
problem with several machines is hard (see for example Balas et al. 2008 and
Brucker & Kravchenko 2008) as well as the linear multiple target derivation.

A well-managed product data and product flow is a precondition to streamline
operations, to picture material flow, to calculate safety stocks and to compile
components. The constructed management method is to engineer a more general,
simpler and a most practical Decision Support System to fit into the management
system in use.
2.1

Supply chain context

This chapter discusses the research on the supply chain performance and the
framing of the scope of demand driven operations. The supply chain performance
is discussed in the context of relationships, chain and network according to
Harland (1996). The performance optimum is introduced along streamlining,
synchronization and lead time reduction. The scope of the study focuses on the
extreme of safety stocks, postponement and speculation.
The overall target is supply chain synchronization. The synchronization is
feasible when and only when operational scheduling is applied fully to the whole
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chain at once. In a single supply chain, such task is trivial, but with a supply
network, the dilemma becomes apparent. (Christopher & Lee 2004.)
According to Forrester (1961) the core operating factors concerning the
operations’ dynamic nature are time and delay in an industrial organization.
Production and distribution are in a central role. A periodic problem is to match
production and distribution and the main dilemma is the Forrester effect.
The goal of centralized information is to reduce fluctuation due to speculation.
Real time demand information enables more accurate forecasts. Centralization
does not usually eliminate fluctuation, but assists to resist the Forrester effect
significantly. (Chen et al. 2000, Simchi-Levi et al. 2000: 88, 91.)
The fluctuation is eliminated by strategic cooperation. Strategic partnerships
consolidate inventories and information. The supply chain is managed as internal
operations (Simchi-Levi et al. 2000: 92), and the control is extended over the
entire supply chain (Schary & Skjøtt-Larsen 2001: 28.)
The issue of trust versus control becomes important in managing supply
chain relationships. A high level of confidence allows partners to exchange
sensitive information and to rely on informal agreements and incomplete
contracts. A low level of confidence requires control mechanism to protect against
opportunistic behaviour from other partners. (Christopher & Lee 2004, Schary &
Skjøtt-Larsen 2001: 75.)
The basic need for the operations control focuses on future uncertainties.
Besides uncertainties, there may be surprising and unforeseen fundamental
changes in the business environment. (Ballou 1999: 635, Christopher & Lee
2004.)
There are two unresolved issues in international business that influence
global industrial operations. One of them is the role of a global organization
versus local country control. The other issue is whether products should be
localized or globalized. (Schary & Skjøtt-Larsen 2001: 123.)
2.1.1 Relationships and power
A supply chain is more of an organization than a single business. Commonly the
members of a supply chain are the supplier, the manufacturer, the distributor, and
a customer. The integration of the different members is the main challenge for
supply chain management. (Schary & Skjøtt-Larsen 2001: 25, Christopher & Lee
2004.)
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Closer cooperation within the supply chain members increases the
complexity of management and control. The most vulnerable element appears to
lie with the connections. While practice evolves rapidly due to responses to
market pressures and opportunities from new technology, the most difficult
problems stem from management issues in human relations. (Christopher & Lee
2004, Schary & Skjøtt-Larsen 2001: 73.)
The management has to deal with two challenging tasks: internal
coordination and external cooperation. Additionally, the management has to deal
with conflicts arising from independently owned and operated institutions.
(Christopher & Lee 2004, Stern & El-Ansary 1992: 268.)
Supply chain requires an alignment of operations outside the direct control of
a specific executive and often outside the firm itself. Operational logistics
introduce challenges concerning distance and time, but also significant diversity
in the political, legal, cultural, and economic environment. Four specific risks are
dependence on real time connectivity, channel balance of power, vulnerability of
global industrial operations and vulnerability stemming from strategic integration.
(Bowersox et al. 2000, Christopher & Lee 2004.)
To achieve coordination and cooperation among members utilizes power.
Power is required to motivate and direct the efforts of any organization. Power is
the ability to make someone do what one otherwise would not have done. In a
supply chain, power is used to implement trade promotions, to establish chain
support roles and standards, to develop operational linkages, to choose partners,
to provide training, to implement joint sales programs, to develop information
systems, to coordinate after-sales, and to develop incentive and compensation
plans. (Stern & El-Ansary 1992: 268.)
Power can also be viewed in terms of the extent to which one chain member
depends upon another. The more dependent one is the less power one has. All
members of the supply chain are interdependent. Each member of the chain has at
least some power. The basis of power is in valued resources which members
stockpile. (Stern & El-Ansary 1992: 270–273.) These bases of power are
presented in Figure 5.
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Fig. 5. Power bases according to Stern & El-Ansary (1992).

The noncoercive sources of power increase satisfaction, while the coercive
sources of power reduce satisfaction. The suggestion is to keep the coercive
power bases latent, while activating the noncoercive sources. (Gaski 1984.)
The reward power is based on the assumption that a member has the ability to
mediate rewards to another. In contrast with the reward is the coercion power. The
coercion power is used when one is expected to punish another. (Stern & ElAnsary 1992: 273–277.)
The expert power is based on special knowledge. Expertness is also powerful
in discrimination by extra service, special features or functional discounts. (Stern
& El-Ansary 1992: 277–281.)
The reference power is linked to cause and effect, identified with belonging
to something desirable. The reference power is more coercive, in the context of
regulations according to territory. (Stern & El-Ansary 1992: 281–283.)
The legitimating power describes the right to exert influence while another
has an obligation to accept it. The legitimating power is synonymous with formal
hierarchical authority, and overextended integration leads easily to a dominant
market position, monopoly or cartel. (Stern & El-Ansary 1992: 283.)
The cooperation and the conflict are opposing ideas in the Figure. By
fostering the coercive sources of power, the conflict increases, and high
performance appear to be on the cooperation end of the cooperation-conflict
continuum.
The framework of mutual benefit fosters parties to cooperate, and the rational
framework to determine costs, price, and profits points out the performance
improvement. (Hunt et al. 1985, Womack et al. 1990: 148.) To improve their
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bargaining position, partners hold back information. Partners need to establish a
new set of ground rules for joint cost analysis, price determination, and profit
sharing. (Mintzberg et al. 1998, Womack et al. 1990.)
To succeed, the dominant cooperative parties need to agree leadership. This
leadership is to orchestrate the core competencies of participating companies into
integrated competitive performance. This leadership is to stimulate and reward
collaborative behaviour. (Bowersox et al. 2000: 173, Lee HL 2004.)
2.1.2 Supply chain management
The concept of supply chain management is relatively new and is an extension of
logistics. While logistic management concerns optimizing corporate material
flows, the supply chain management expands the examination to the whole supply
from raw materials to the ultimate customer. (Christopher 1998: 16.)
Logistics as a concept, means creating a single plan for the flow of products
and information through the system. Supply chain separates the concept of
logistics into coordination and cooperation with equal principles and methods
(Christopher 1998: 17).
Firstly, most of the challenges relate to customers. The global supply chain
must come as close as possible to meeting specific national market requirements
through specific products and services matched with the individual customer
requirements. (Schary & Skjøtt-Larsen 2001: 346.)
Secondly, meeting competition creates pressures to seek out the most efficient
sources of supply. This drive for efficiency often conflicts with matching
customer preferences. (Schary & Skjøtt-Larsen 2001: 346.)
Thirdly, the supply chain must adapt simultaneously to multiple constraints
posed by the environment in which it operates. It is worth mentioning that
customers, suppliers and environment are all changing rapidly along with the
world economy. (Schary & Skjøtt-Larsen 2001: 346.)
Fourthly, the immutable constraint of distance and transit times affect the
dynamic response of the supply chain as a system. The task for management is
immensely difficult; to coordinate a complex system when the sheer scope of it
challenges the ability to control it. (Schary & Skjøtt-Larsen 2001: 346.)
Some basic changes in operational logistics, for example, a new performance
measurement, would improve the performance of a supply chain. Identification of
problems and developing plans to address them are the first steps towards
synchronizing the supply chain. (Christopher & Lee 2004, Lee & Billington 1995.)
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2.1.3 Global supply network
A global supply network is an extension of a domestic supply chain. It is more
complex, faces a diverse set of environmental conditions and is inherently more
difficult to understand and manage. It also deals with a global economy
transitioning from autonomous countries to an integrated system of producing,
trading and consuming. A global supply network is driven by technology and it
operates in an environment where the vision of its ultimate target is changing.
(Schary & Skjøtt-Larsen 2001: 345.)
Almost every supply chain is an international network to some degree
(Schary & Skjøtt-Larsen 2001: 345). Typical for a network is association,
monitoring, utilizing and disassociation of collaborative partners. The network is
built on partners, resources and activities. Partners control resources and perform
activities. Each partner has a unique combination of resources and activities, and
these activities link resources to each other. (Harland 1996.)
2.1.4 Speculation and Postponement
Two opposing forces exist in supply chain operations; the speculation and the
postponement. Inventories are speculated downstream supply chain, closest to the
market, as early as possible. In contrast, the production and the final dispatching
are postponed upstream supply chain as long as possible. (Hoover et al. 2001: 138,
Schary & Skjøtt-Larsen 2001, Sharman 1984.)
The speculation increases working capital tied up in the inventory, but the
benefit is smooth production related to fluctuation and a high level of service. In
contrast, the postponement minimizes inventories but also has an outcome of a
reduced lot size and improved service level. Additionally, the threat of
obsolescence is smaller in a postponed system. (Schary & Skjøtt-Larsen 2001: 68.)
In a postponed system the operations start to produce a generic product, or a
family of products, which is later differentiated into the specific end products.
Postponed product differentiation can be effectively used to address the
uncertainty of final demand even if the forecast cannot be improved (Simchi-Levi
et al. 2000: 181).

42

2.1.5 Lead time and Synchronization
The first concern in synchronizing supply chain is the extreme as a postponed
Make-To-Stock inventory location, together with the Order-Penetration-Point
according to Sharman (1984). The lead time is the time of delivery downstream
Order-Penetration-Point and this lead time reduction is decreasing inventories and
increasing timely accuracy (Simchi-Levi et al. 2000). Long lead time results in a
slow response to customer requirements. (Christopher 1998: 149.)
Supply chain management theory addresses improvements in demand chain
performance by improving information when the lead times are long.
Unfortunately, efforts are frequently observed to implement information transfer
improvements before lead time reduction. According to Burbidge (1989),
McCullen & Towill (2002), Towill (1997) and Treville et al. (2004: 613–614),
lead time reduction is an antecedent to operational synchronization, according to
Schmenner & Swink (1998) and supply chain synchronization, according to
Christopher & Lee (2004).
The synchronization of sequenced stages of operations enables lead time and
lot size reduction to be minimized. Concurrent and parallel processing modifies
the sequenced operations simultaneous. Each stage of operations runs
simultaneously. (Simchi-Levi et al. 2000: 179.)
Conventional wisdom claims that lead time reduction is possible in industries
with expensive equipment. This wisdom is misleading. A common fact is that lead
time reduction is difficult and costly. A lack of simplicity binds the practice
development towards synchronized supply (Treville et al. 2004: 619.) The
benefits of the lead time improvement are evident (Hilmola 2004).
2.1.6 Lead time and capacity allocation
Factory load never exactly matches capacity. When two or more machines of the
same type have been allocated to products, the allocation is satisfactory as long as
the load is less than the maximum capacity. The capacity overload is eliminated
by reallocating tasks to parallel, similar routes. (Burbidge 1989: 93.)
Long lead times require narrower product flow for efficiency. The speed of
operations determines how much inventory must be carried downstream the
supply chain. The narrowness of the product flow and the operational speed
determine the rate at which each supplier must respond. (Burbidge 1989, Schary
& Skjøtt-Larsen 2001: 125–126, 149.)
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A capacity overload causes lengthening of lead time in demand driven
operations. An overload is a disaster and the consequences are referred to as Lead
Time Malady, depicted in Figure 6. (Mahoney 1997: 193.)
The Flywheel
effect

II
Increased
lead time
III
Increased
orders and
backlog

V
Increased
inventory
and
shortages

I
Overload

IV
Increased
lead time

Fig. 6. The Lead Time Malady and the Flywheel Effect.

When capacity has run out (I) the producer will increase customer lead times (II).
The customer may respond by increasing the demand and the consequence is
more orders (III). An increased amount of orders will increase the lead time and
the backlog of orders (IV). Increased lead time will decrease the reliability of the
master plan for the future. (Mahoney 1997: 193.)
The overload is avoidable by correct time management. The remedy is either
an increase or decrease in the backlog of orders. Order backlog increase will
increase the lead time. The further overload will inflate lead times, and the cycle
will repeat. By decreasing orders, the operations are forced to carry excess
inventory. Stockout due to shortages increases the safety stock level to inventory
against increased lead times (V). Fortunately such situation is temporary and the
system recovers to optimal performance. (Mahoney 1997: 193.)
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A cumulative consequence of the Lead Time Malady is known as Houlihan
Flywheel effect in the supply chain context. This demand fluctuation amplifies
upstream material flow and causes the Forrester effect. (Houlihan 1985)
2.2

Global distribution

The value chain, developed by Porter, describes a sequence of stages of valueadding activities for product flow within the firm; inbound logistics, operations,
outbound logistics, sales and marketing services. The value chain includes both
physical product flows and marketing, adding value as the flow moves towards
the customer. (Schary & Skjøtt-Larsen 2001: 49–50.)
Porter envisioned a value system in which individual firms and their activities
are linked to create a larger chain. This coupling opens the possibilities for
reconfiguring the supply chain for greater efficiency through eliminating
redundant activities or shifting activities between stages. (Schary & Skjøtt-Larsen
2001: 49–50.)
The objective of supply chain management is to eliminate redundancy by
integrating operations, to make the system more responsive to customers, and to
reduce the total costs of product flow as much as possible. The ultimate customer
becomes the final judge of the value. (Schary & Skjøtt-Larsen 2001: 49–50.)
The distribution functions conduct the customer to the supply chain. It is an
integral function influencing both customer loyalty and the performance of the
chain. In demand driven operations, the distribution begins with the final demand
for products and services. In the demand driven operations, the distribution is
direct, from production to customer, driven by point of sales data. Combining the
distribution with the supply chain into operational logistics is beneficial. (Schary
& Skjøtt-Larsen 2001: 109–111.)
2.2.1 Customer service
Customer service is the product of the supply chain operations. Customer service
consists of product availability, speed of delivery, order-filling speed and timely
accuracy. (Ballou 1999: 37, 80, 97.)
The product is the center of focus in supply chain management. It is also the
object of flow in the logistics channel. The product generates the firm’s revenues.
(Ballou 1999: 53–54.)
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The product consists of physical and service characteristics. Its physical
characteristics are weight, volume, and shape as well as features, performance,
and durability. The product’s service characteristics are after-sales support,
company reputation, communication, accurate and timely information, flexibility,
timely accuracy and the responsiveness to claims. (Ballou 1999: 53–54.)
The importance of physical and service characteristics vary depending on the
business. Figure 7 explains the spectrum of service in different businesses. (Lynch
& Cross 1995: 42–43.)

Fig. 7. The service spectrum according to Lynch & Cross (1995: 43).

The opportunity to make a favourable impression to customer differs at the
extremes of the spectrum. On the left, the physical product and on the right, the
service characteristics make or break the opportunity. The key issue is to identify
the moments when these possibilities occur. (Lynch & Cross 1995: 43.)
Lead time is at the very heart of customer service in every business. It has
been estimated that activities associated with order preparation, transmission,
entry, and filling represent 50 percent to 70 percent of the total order cycle time.
If a customer service target is provided through short and consistent order cycle
time, it is essential that order penetration, order allocation and task scheduling is
carefully managed. (Ballou 1999: 110.)
2.2.2 Stocking decisions
Inventory is measured in time in this study. The inventory and operations are
managed based on the amount of delay and run time. The inventory purpose is to
prevent operations from starvation. (Mahoney 1997: 184.)
To prevent operations from starvation, some safety stock is needed. The
amount of safety stock is specific to the logistics system and defined by material
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availability. The result is an unproductive inventory that drains working capital.
(Christopher 1998: 185, Ballou 1999: 361.)
The inventory is a resource sitting idle, wasting money, and it tends to hide
problems. For example, a worker who discovers a batch of defective parts can
simply put them aside and work on something else. The worker returns to the
defective part later, if ever and too much time elapses to discover the cause of the
problem since the batch is processed upstream the supply chain. Similarly, in an
environment with little buffer inventory, a worker has no choice but to work on
the batch. (Meredith & Shafer 2001: 347.)
The primary objective of an inventory is to increase the operations’ capacity
and flexibility. Inventories exist because there are problems such as timely
inaccuracy in distribution. (Mahoney 1997: 180–181.) The total inventory in a
supply chain is cumulative to decided inventory levels and numbers of stocks
(Christopher 1998: 82, Meredith & Shafer 2001: 291–292).
Inventory management has a significant impact on customer service level and
supply chain costs (Simchi-Levi et al. 2000: 41). The basic alternatives are to
own, rent or lease a stock. Complexities, such as uncertainties in demand and
delivery times, are the basis of sound inventory management. (Ballou 1999: 254,
394, Meredith & Shafer 2001: 291–292.)
Inventories are segmented by form into three types: raw material, work-inprocess, and finished product inventory. Each of the segments has its own control
system and the objective is to improve customer service and decrease costs.
(Simchi-Levi et al. 2000: 41.)
Inventories are needed to protect against fluctuation in demand, against
uncertainty in quality, for economics of scale and for preventing stockout.
Inventories exist to minimize total costs of carrying and ordering. The amount of
inventory is related to the progressiveness of the supply chain as a whole (SimchiLevi et al. 2000: 42, Meredith & Shafer 2001: 287–289, Ballou 1999: 245–248.)
Whatever the management method, all logistics systems have unsatisfactory
inventory levels. Either the inventory level is too high or too low in relation to
necessity. In addition, changes in demand cause stockout or overstocking.
(Christopher 1998: 185.) The replenishment quantities and the replenishment
point of time affects the price paid, transportation costs, and inventory carrying
costs (Ballou 1999: 418).
The size of an inventory is directly related to deliveries. Internal inventories
serve the purpose of balancing operations in the short term. External inventories
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serve the purpose of balancing supply and demand operations in the longer term.
(Mahoney 1997: 180–181.)
With minimal or no inventory, material control is much easier and less
expensive. Basically, discipline and quality are much improved and cost is
reduced, simultaneously (Meredith & Shafer 2001: 348).
To summarize, the performance of the operational logistics cannot be any
better than the configuration that the supply chain allows. Poor facility locations,
misallocations, improper stocking levels, ill-suited methods of transportation, and
undesirable levels of customer service result from an outdated or inappropriately
designed logistics network. (Ballou 1999: 588.)
An effective logistics network assumes sharing information and coordinated
plans. Cooperation extends the controllable supply chain over the company’s
boundary and decreases the safety stock levels. (Christopher 1998: 190,
Christopher & Lee 2004.)
2.2.3 Robust forecasting
To compete successfully is to predict key aspects of the future accurately. It is not
practical to plan without some future predictions. An accurate estimate of demand
is crucial for efficient operations. (Meredith & Shafer 2001: 183.)
Forecasts are used to decide whether the demand is sufficient to justify
entering the market, to determine capacity in order to design facilities, to
determine mid-term fluctuations in demand, and to ascertain short-term
fluctuations for the purposes of resource planning. These forecasts support a
number of operational activities and have a significant effect on productivity and
planning. (Meredith & Shafer 2001: 183–184.)
According to Wacker & Lummus (2002), 10 percent or more of the net gross
profit is lost because of forecast inaccuracy. The loss is caused by excess and
shortage in inventory. The link between forecasts and resource allocation is vital
and enables long term operations and sales planning.
The immediate, short, medium, or long-term forecast should be tied to
specific resource decisions. The decisions are reactions to specific changes in
demand. The decision time period specifies how far into the future the
organization must forecast to cover all resource allocation implications. The
forecast should predict far enough into the future to provide information on the
facility decision. (Wacker & Lummus 2002: 1019–1020.)
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Operational postponement minimizes the impact of forecast errors on
resources. The forecast does not reach further into the future, or is not more
specific, than the resource decision requires. The forecast is kept as general as
possible for as long as possible. (Wacker & Lummus 2002: 1023, 1028.)
Meredith & Shafer (2001) classify forecasting methods into formal
techniques and informal approaches, such as intuition. Formal techniques are
classified into qualitative and quantitative forecasts. Qualitative forecasts are
common in strategic decision-making where external factors play a significant
role and historical data is very limited. (Meredith & Shafer 2001: 184–185.)
Quantitative forecasting methods are divided into projecting past history or
behaviour of future variables (time series analysis) and the use of external data
(causal). Time series analysis is the use of average past data in regression analysis
corrected for seasonality in the data. Causal methods include histories of external
factors and employ sophisticated techniques. (Meredith & Shafer 2001: 184–185.)
Quantitative methods can be used only with available data. Attempts to
forecast without demand history is as hard as using a crystal ball. The demand
history needs to be sufficiently long or complete. (Meredith & Shafer 2001: 186.)
Forecasts include some errors and the more aggregate the forecast is, the
more accurate the result is. Lead time length is also related to the forecast period.
A longer lead time is a prerequisite for longer estimates in the future and leads to
a bigger forecast error and a bigger fluctuation in demand. Lead time shortening
improves forecasting and decreases fluctuation. (Simchi-Levi et al. 2000: 84–85.)
A remedy for forecast error and overreaction is to make demand data
available from the final customer up to the raw materials site. All sites in a chain
can update their forecasts with the same raw data. (Christopher & Lee 2004, Lee
et al. 1997b: 98–99.)
2.2.4 Information transfer
Supply chain management converts information into action. The conversion is
made by decisions, restricted by behaviour policies. Success depends on
information available, and on execution (Forrester 1961: 93).
Information technology and telecommunications with new organizational
forms in transport and logistics open new possibilities. They enable enterprises to
reach beyond their own organizational and national boundaries to coordinate
operations, and management through the entire supply chain. (Houlihan 1985,
Schary & Skjøtt-Larsen 2001: 22.)
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The combination of competitive pressures and the potential advantages from
new technologies have introduced radical changes. Telecommunications and
information technology create environments in which managers and workers
communicate easily and precisely across distance and time encouraging
collaboration and coordination without regard to organizational position, physical
location and time. Information and decisions can move directly and swiftly
through organizations without barriers. (Holweg et al. 2005, Schary & SkjøttLarsen 2001: 260.)
The first task of information technology is to eliminate clerical routine; the
second task is to automate former routine human decisions, with predetermined
decision rules. The third task gives organization more flexibility to respond to
new demands and constraints. The fourth task provides managers with a
comprehensive view of the organization through metrics and models for strategic
vision and control. Information technology constructs a management climate that
has literally enabled the supply chain. (Schary & Skjøtt-Larsen 2001: 260.)
The supply chain is affected most by practices in adjusting inventories and
allocating orders (Forrester 1961: 33–34). The characteristics for improved order
allocation are lead time length and demand information transfer (Houlihan 1985,
Treville et al. 2004). Treville et al. (2004: 619) have defined three levels of actual
demand information transfer systems: full, partial and no demand information
transfer. The three levels over lead time length are presented in Figure 8.

Fig. 8. Demand information transfer over lead time length (Treville et al. 2004: 620,
published by permission of Elsevier).

The improvements in information transfer are made by eliminating the distortions
aroused by rationing, order batching, or price promotions that increase fluctuation
in demand. Full demand information transfer is full market mediation with no
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distortion i.e. the demand and production information is coherent. (Treville et al.
2004: 619.)
In the partial demand information transfer, the information is transferred
upstream the supply chain while minimizing distortion. Partial information is
often encapsulated in impressions, forecasts, or assessments of the demand
drivers. Partial information requires closer relationships rather than full
information transfer. (Treville et al. 2004: 621–622.)
The partial demand information is the most common. Appropriate leadership
is required in the transfer and use of such information. Partial information is more
difficult to use for effective market mediation than full. The difficulties exist in
building the required relationship as well as in transforming information into
useful data. (Houlihan 1985, Treville et al. 2004: 621–622.)
In the no demand information transfer, the only information received is the
actual orders. The information is aggregated and potentially distorts the figure of
the actual demand. It is well established that fluctuation with such information is
evident. (Bender & Riezebos 2002, Burbidge 1989, Dejonckheere et al. 2003,
Disney & Towill 2003, Forrester 1961, Geary et al. 2006, Hoover et al. 2001, Lee
et al. 1997a, Lee et al. 1997b, McCullen & Towill 2002, Towill 1997, Towill et al.
2007, Treville et al. 2004: 622.)
To reduce the uncertainty of demand, it is critical to separate internal
variation from external variation, and natural variation. External and natural
variations are out of the company’s control and represent the actual demand.
(Houlihan 1985, Mahoney 1997: 96.)
The actual demand is usually periodically segmented by markets, products,
and geography. Each segment and total demand is analyzed to properly evaluate
factors such as seasonality, economic trends, competitor performance, and
customer linkages. (Houlihan 1985, Mahoney 1997: 96.)
In addition, the duration of a demand planning period has a significant effect
on variation in the natural demand pattern. The demand will usually peak at the
end of the measured demand planning period, and examined period of time.
(Mahoney 1997: 143.)
The company directly controls external causes in demand variation. Extrinsic
demand can have a significant effect on overall demand variation. The factors that
cause external variation are marketing, sales and production. (Mahoney 1997: 96.)
Marketing and sales are driven by volume increase, market share, profit, and
service level. The variation is caused through discounting structure, sales
promotion, and demand planning period. The variation is usually a sharp peak in
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demand pattern and should rarely be employed. (Houlihan 1985, Mahoney 1997:
96.)
Management controls internal fluctuations but control over the supply chain
is still being developed. Automated data collection takes place through labelling
and identification systems and the discussion centres on a few approaches with a
promise for establishing metrics for the chain as a whole. (Childerhouse et al.
2003, Dejonckheere et al. 2003, Geary et al. 2006, Mason-Jones et al. 1997,
McCullen & Towill 2002, Schary & Skjøtt-Larsen 2001: 276–315, Towill et al.
2007.)
2.2.5 Transaction and capital costs
Logistics decision-making is related to productivity of capital. A concept for
measuring the productivity of capital is Return On Investment (ROI). ROI is the
ratio between the net profit and the employed capital to produce profit.
(Christopher 1998: 78.) The logistic impact on ROI is depicted in Figure 9.
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Fig. 9. Logistics impact on ROI according to Christopher (1998: 79).
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Supply chain management has an impact on profit and balance. The logistics
costs are measured by transactions and costs are due to transportation and
stocking. The logistics costs are caused by packaging, transportation, concurrent
and parallel processing, and delayed differentiation. The costs of inventory
holding are caused by the interest rates of capital. (Simchi-Levi et al. 2000.)
The total cost of inventory holding is estimated at a minimum as 25 percent
per annum of the book value (Christopher 1998: 81). Supplementary costs are
caused by obsolescence, deterioration, insurance, stock losses and control.
(Simchi-Levi et al. 2000: 177–179.) The control costs are a usual consequence of
batch production (Nahmias 2001: 196).
According to Solakivi et al. (2009), current logistics costs hold a seventh of
the company’s turnover. Top three cost factors, transportation, warehousing and
capital tied up in inventory, hold a ninth of the turnover. Logistics costs are 14
percent of the turnover on average. Transportation is the most expensive by 5
percent share, warehousing holds 3 percent share and the capital tied up in
inventory holds another 3 percent share of the turnover. The rest are logistics
management costs, packing for delivery costs and miscellaneous costs.
2.3

Operational logistics

The product flow extends across both functional boundaries and organizational
boundaries. It also crosses geographic boundaries to deal with global supply and
markets. Management integration across boundaries is a major challenge for
global industrial operations (Schary & Skjøtt-Larsen 2001: 24).
The global nature of operations is the leading factor in the supply chain
development. Investment in factories is strategic. Factories are located close to
markets, sources of technology or low labour costs (Naruse 2003). Operations in
the global market place must operate with comparable efficiency, despite the
distances, if they are to remain competitive. (Schary & Skjøtt-Larsen 2001: 150.)
Competitive deliveries are the focus of global operational logistics. The first
driving change is the entry of real-time orders directly into the schedule. The
second is the coordination of operations with demand to reduce inventory
requirements. The third is increasing flexibility, and the fourth is agility,
according to Christopher & Lee (2004). This industrial agility means to change
the supply chain into a new form to meet final demand. (Schary & Skjøtt-Larsen
2001: 110.)
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The cry for product and volume flexibility is increasing. Volume flexibility
involves the ability to expand capacity, either within a single plant, or by
additional capacity elsewhere. Demands become unstable coupled with market
pressures for faster order response. Customers want products to match their
unique requirements immediately. (Schary & Skjøtt-Larsen 2001: 152.)
Modular products offer the flexibility to meet the requirements of a broad
product range without the need for specialized operations for individual products.
Modularity presents opportunities for increasing product variety and accelerating
product development. Modularity itself presents the product, the product group
and the operations. By pooling modules as a group, operations are easier because
they can be undertaken in longer production runs in advance of demand. Demand
for a modular product group can be forecasted much easier than for individual
products, which have more erratic demand. (Schary & Skjøtt-Larsen 2001: 156.)
Three elements make a global supply chain possible; changes in global
economic policy plans, the technological revolutions in transport and
telecommunications. The trend towards lower tariffs and the removal of non-tariff
barriers, plus the development of regional trading communities such as European
Union, encourage international trade and investment. Telecommunications,
including computer-to-computer communication, ease operations management
across the globe (Schary & Skjøtt-Larsen 2001: 346).
Supply chain structure emphasizes establishing and managing connections
and network requires organizational partners. The supply chain direction comes
from leadership, relying on vision and motivation rather than authority or formal
power. (Schary & Skjøtt-Larsen 2001: 261–262, Stern & El-Ansary 1992: 268–
273.)
The role of managers in the supply chain is consistent with the new climate of
management. The operating decisions are made at the point of impact. Managers
at high levels provide a strategic vision, resources and support, but the people
involved with problems take responsibility and act on their own judgement
(Schary & Skjøtt-Larsen 2001: 272). Strategic vision, organization and common
knowledge are the foundation. A strategy sets the direction. (Schary & SkjøttLarsen 2001: 273.)
2.3.1 Operational simplification
The implications for distribution are strongest in inventory management. Products
proliferate with local markets, reducing operations efficiency. At the same time
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the pressure for expanding market segmentation increases their number on a
global scale. The problem becomes so immense that it must be controlled through
simplification. (Schary & Skjøtt-Larsen 2001: 125–126.)
The idea of operational simplification is namely a product flow. In an
operational product flow, resources are transformed through operations and
distributed to the users. The operational product flow crosses operations as shown
in Figure 10. (Schary & Skjøtt-Larsen 2001: 26–27.)

Fig. 10. Logistic product flow (Schary & Skjøtt-Larsen 2001: 27, published by
permission of CBS Press).

Production is the operational center of the product flow. A product flow is
determined by actual orders or by forecasted demand. Product components and
materials move towards production either in response to customer orders or in
quantities determined by forecasts. (Schary & Skjøtt-Larsen 2001: 149.)
The product flow is outlined by main operations. The problem is the
independence of separate operations and sub-optimization. (Schary & SkjøttLarsen 2001: 26–27.) If each manager has similar objectives, the integration will
be satisfactory. Unfortunately the targets are conflicting. A common reason for
conflict is for the manager to take advantage of the economics of scope and scale.
(Simchi-Levi et al. 2000: 102–103.)
A production flow analysis is a technique for planning and converting a
process organization into a product organization. The production flow analysis is
for simplifying material flow. In batch and job-shop production, the technique is
to find product families and related sets of facilities. (Burbidge 1989: 1.)
A factory flow analysis is used to plan the change from component
processing departments based on process organization, to departments based on
product organization (Burbidge 1989: 44). The first stage in factory flow analysis
is concerned with the existing material flow in the factory (Burbidge 1989: 47).
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The second stage is to simplify flow by reducing routes and combining stages
(Burbidge 1989: 51–57).
A factory flow analysis is a sub-technique of production flow analysis. It
plans the division into stages of operations, division into departments at each
stage, and the flow of materials between these departments. It is essential to
analyse operations before beginning the division of departments into groups and
families. (Burbidge 1989: 60.)
The group technology follows the objective that routes should be combined,
and not product features. Otherwise the quality problems may arise because
products with a similar shape or function may differ in size, material,
requirements, quantities, or timely accuracy. (Burbidge 1989: 64.)
2.3.2 Industrialization
Industry can be classified in seven major subtypes by material diversity,
equipment, material movement, and run time. Processing nondiscrete material is a
characteristic of a process industry. Unlike discrete industries, the bill of material
is not a valid indicator of the product complexity. It is most probably the degree
of process control functions (Dennis & Meredith 2000: 1085–1091).
Dennis & Meredith (2000) classify different operations into three main types:
intermittent, hybrid, and continuous. A functional organization is characteristic of
the intermittent type. A major difference in job-shop operations is lot size and
production sequence. The lot size is restricted by the facility and operations
cannot run in units. The sequential stages of operations have strong links to each
other because of the technological requirements (Dennis & Meredith 2000: 1095).
In contrast to intermittent operations are continuous operations. In continuous
operations, the equipment is organized and sequenced according to current
production. The flexibility is at a minimum and only a few routes exist. (Dennis
& Meredith 2000: 1096.)
The hybrid operations take place in between the intermittent and the
continuous operations. Some parts of operations are organized functionally and
some sequenced. Dennis & Meredith (2000) classify hybrid operations even
further into two categories: custom hybrid and stock hybrid.
A characteristic of custom hybrid operations is a large number of finished
goods. The true product variety is low because the products are very similar and
customized by order. The ratio of finished goods to raw material is about 10 to 1.
Equipment is specialized but not dedicated to the products and there are only a
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few work centres and inventories. An example of custom hybrid operations is
flexible packing, although the run time is much shorter, and the amount of raw
materials is notably less (Dennis & Meredith 2000: 1094).
The main difference between continuous operations, described above, and
shop operations, is the product. In the shop operations the product is discrete
whereas, in the continuous operations, the product is divisible. In a continuous
operation, an additional step is the canning to a discrete unit. (Meredith & Shafer
2001: 139).
According to Meredith & Shafer (2001: 137) the five basic forms of a
transformation system are continuous operations, flow-shop, job-shop, cellular,
and project. This classification is quite similar to that described in Krajewski &
Ritzman (2002) and Stevenson (2002).
The classification into three forms: continuous, flow-shop and job-shop is
appropriate for this study. Such classification is satisfactory for production flow
description, performance measurement and shop scheduling needs (Garey &
Johnson 1979).
Continuous operations
Running operations round the clock is typical of the continuous operations. One
factor is the enormous fixed cost against a large volume to reduce unit costs. The
downtime costs are significant and the price is the most important factor for
competitiveness. (Meredith & Shafer 2001: 138.)
In the continuous operations the nature of the equipment is usually highly
specialized and automated. To change the rate of output is quite difficult. The
layout follows the stages of operations and the facility restricts the capacity.
Labour requirements are rather low and devoted to monitoring and maintaining
the equipment. (Meredith & Shafer 2001: 138.)
Shop operations
Some characteristics of the flow-shop operations are a fixed set of inputs,
constant throughput times, and a fixed set of outputs. As in a continuous system,
relatively large fixed costs of the equipment are distributed over a large volume of
outputs. Standardizing of operations means less skilled workers, but an increasing
need to control. (Meredith & Shafer 2001: 139.)
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Since the flow-shop operations are standardized, processing times tend to
remain constant and synchronization is easy. The standardized products simplify
inventory control and purchasing decisions. (Meredith & Shafer 2001: 140.)
In the flow-shop operations, simplicity is achieved at the cost of complexity.
The planning, design, and installation of equipment, is an enormous task. The
equipment is costly to set up originally, but also to maintain and service.
(Meredith & Shafer 2001: 140.)
The dividing aspect between flow-shop and job-shop is the run order in
sequenced machines. The tasks are operated in a same sequenced order in each
flow-shop operations. (French 1982: 5, Graves 1981) In the job-shop operations,
there are no restrictions for task’s operations order, and alternative routes are
allowed (Graves 1981). The principles of continuous, flow-shop and job-shop
operations are presented in Figure 11.

Fig. 11. The principles of continuous, flow shop and job-shop operations.
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Characteristic of the job-shop operations is the grouping of staff and equipment
by function. Each product or small batch of products is operated differently. The
route through facility is intermittent. Each product has a different route,
operations, inputs and lead time. (Graves 1981, Meredith & Shafer 2001: 145.)
This systemization of operations is capable to describe most of the operations.
This simplification is valid as such in operations with a bottleneck stage of
operations. In such case, the operations may be viewed as one-stage problem as
pictured in the Figure 11. This kind of supply chain structure and OPP placement
is examined at least by Graves & Willems (2000) and Willems (2008).
This kind of simplification does work in static problem with fixed productmix. In practise, in a more dynamic and natural operational environment, such
bottleneck operation exists but the bottleneck operation location is dependent on
current workload and on available capacity. This kind of simplification is anyhow
the first step to tackle more complex problems (Graves 1981).
2.3.3 Scheduling
Scheduling in continuous operations or in flow-shop operations is not as
important as the product flow in the form of order allocation. In the continuous
and flow-shop operations, the scheduling is largely built into the system and the
change in scheduling is rebalancing the entire product flow through the
production (Meredith & Shafer 2001: 231).
Regardless, efficient scheduling is needed in order to meet production plans.
Scheduling in machine environments is divided into single stage and multi-stage
problems. In a single stage problem, each job has one or more alternative
machines available. In a multi-stage problem, each job requires several sequential
operations before completion. (Heinonen 2007: 4.)
Multi-stage problems are divided furthermore into open-shop, flow-shop and
job-shop problems. The open shop problem has no predefined sequence for
operations. The flow-shop problem has an exact sequence for each operation in a
certain machine. In the job-shop problem, each operation is scheduled following
an earlier stage, to program a sequence of operations. The job-shop problem is at
hand in demand-driven operations with multiple parallel and sequential stages.
(Heinonen 2007: 5.)
The scheduling methods are classified into exact, stochastic and heuristic.
The exact methods seek an optimal solution through mathematical techniques.
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The stochastic methods use random search patterns to improve the solution. The
heuristic methods are typical rules of thumb. (Heinonen 2007: 9–10.)
An exact optimal schedule is not always clear. The job-shop scheduling is the
most difficult. In the job-shop scheduling, there are no restrictions or specified
sequence, the tasks are nonpreemptive and the general target is to minimize the
maximum flow time. (Graves 1981) In the job-shop scheduling, a
multidimensional target may slow solution obsolete and a conflicting target may
make the solution nonsense. (Garey & Johnson 1979.)
In a shop floor in a single machine this conflicting target is at hand when a
machine seems to become idle or the stage of operations is overloaded. In the
case of slack capacity, the scheduling decision needed is whether to plan tasks to
complete in hand or allow a machine remain idle. In the case of overload, the
decision rule needed is to prioritize tasks to operate. According to Mahoney (1997:
81–85) some heuristic dispatching rules to solve this dynamic job-shop problem
are to:
–
–
–
–
–
–
–
–
–
–
–
–

schedule tasks in order of arrival (First Come/First Served, FCFS),
schedule tasks in Random order (RND),
schedule tasks in order of processing time (Shortest Processing Time, SPT),
schedule tasks in order of time remaining (Critical Ratio, CR),
schedule tasks in order of Earliest Due Date (EDD),
schedule tasks in order of Least Work Remaining (LWR),
schedule tasks in order of Fewest Operations (FOR),
schedule tasks in order of profit contribution (Highest Value First, HVF),
schedule tasks in order of smallest queue (Next Queue, NQ),
schedule tasks in order of Cost Over Time (COVERT),
schedule tasks in order of most Slack time remaining (S/OPN),
schedule tasks in order of Modified Operation Due date (MOD).

According to Tersine (1985: 561) some heuristic priority rules to solve this
dynamic job-shop problem are to:
–
–
–
–
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schedule tasks in order of Longest Processing Time (LPT),
schedule tasks in order of smallest Slack (S),
schedule tasks in order of smallest Slack per remaining Operation (S/O),
schedule tasks in order of Preferred Customer Order (PCO).

Stevenson (2002: 739) mentions also a Rush order to operate emergent or
prioritized tasks first. According to Slack et al. (1998: 368–369) some heuristic
priority rules to solve this dynamic job-shop problem are to:
–
–

schedule tasks in order of last arrival (Last In First Out, LIFO),
schedule tasks in order of first arrival (First In First Out, FIFO).

Nahmias (2001: 443) add an expected value to this sequencing in the form of
Longest Expected Processing Time fist (LEPT). This sequencing rule is proposed
for multiple machine environment and the use of expected times has uncertainties.
(Nahmias 2001: 443)
The physical constraints may also affect on sequencing (Slack et al. 1998:
368). An example is cutting or packing problem (Puikko 1998, Slack et al. 1998,
Wäscher et al. 2007). This problem has been solved two-dimensionally, but the
rest is heuristics (Harjunkoski et al. 1996, Harjunkoski et al. 1998, Ortmann et al.
2010, Wäscher et al. 2007).
Sets of rules like this does not provide an exact solution for this dynamic
problem. These priority rules are to rank the jobs waiting in some way. These
priority rules provide simplified guidelines for determining the sequence in which
jobs will be operated. (Tersine 1985: 561.)
The critical ratio technique (CR) is a more dynamic priority rule that
facilitates the constant updating of the priorities. The critical ratio rule measures
the urgency of any order compared to the other orders for the same operations.
The critical ratio is dimensionless and is calculated as time remaining per time
needed to complete the order. This critical ratio does not prioritize equal urgencies.
(Tersine 1985: 562–563.) According to Mahoney (1997: 80) and Tersine (1985:
561) these dispatching or priority rules and the critical ratio technique are used in
the context of this study as presented in Figure 12.

Fig. 12. Dispatching or priority rules use in job-shop operations.
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Some of the measures for selecting the proper right rule are profit maximization,
tardiness, and flow time (Fisher 1971, Graves 1981). These rules are towards
single operational target for scheduling algorithm and do not cover hierarchical
managerial goal setting with multiple dynamical target. In addition, these
measures need to cover different loads: operations with a heavy load, operations
with lighter load, and operations with no load. (Mahoney 1997: 81–85.)
According to Tersine (1985: 564), optimization methods give the best
solution for the problem but are available for small problems. An exact method
for this complex, dynamic job-shop scheduling is linear programming. In the
linear programming, all constraints and the objective function use linear
expression. This linearization is because of faster real-time computing towards
single target (Dzielinski et al. 1963, Manne 1958). With a mixed linear
programming method, all conceivable solutions are computed and evaluated by
linear objective function. This is because of faster computing towards
simultaneous multiple target and exact, optimal final schedule. (Hiller &
Lieberman 2001: 332, Heinonen 2007: 9.)
This mixed linear programming is analogous to goal programming (Bendat &
Persol 1980, Conover 1971, Grönroos 2003, Heizer & Render 2001, Harvey 1993,
Hillier & Lieberman 2001, Ijiri 1965, Johnson & Montgomery 1974, Lee &
Moore 1974, Levine et al. 1995, Nahmias 2001, Priestley 1981, Rushton et al.
2000) and valid for exact open flow-shop or open job-shop scheduling (Heinonen
2007). This linear goal programming provides an effective way of dealing
problems where management wishes to strive toward several goals
simultaneously. “The key is a formulation technique of introducing auxiliary
variables that enable converting the problem into a linear programming format.”
(Hillier & Lieberman 2001: 340). The auxiliary variables according to Roberts
(1978: 19–20) are the operating factors of this EMMDDIO method.
2.4

Operations management

The logical structure of this chapter is firstly to open the operations measurement
dilemma, and to explore possible solutions in the context of management
accounting discipline’s decision-making framework, by Drury (2000). Secondly,
the operations target setting is discussed in the context of the operational logistics.
Finally, the approaches to implement operational targets are analyzed. This
section is an introduction to more in depth discussion in performance
measurement and management according to productivity improvement.
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Steward (1995) and Lee & Billington (1992) collect problems in traditional
sequential operations and businesses. A demand distortion is a result of
optimizing behaviour by players and gaming. Traditional cooperation introduces
errors and distortion, adds unnecessary costs, delays reactivity, pushes strategic
decision reliability and undermines competitive positioning. In integration, four
main contexts must be considered: management methods and measures,
organization, chain structure and effective practice including data and
performance analysis (Lee et al. 1997a).
Without measures there is no performance. In order to perform, people need
to know and understand management’s conation. In order to perform towards
targets, an organization and its operating managers must know what the targets
are. The motivation to overtake a target is based on individual needs and the
shared target of an organization. All that is measured improves. In order to
achieve a competitive, winning performance all the best measures are needed.
(Anthony et al. 1989: 53–56, Frazelle 2001.)
To measure too many things is to measure nothing at all. A sophisticated
system with a few vital key measures is difficult to construct, but essential for
competition. Its benefits are saved management time and focus on future actions
with relevant data. (Brown 1996.) One must achieve a competitive advantage
through best methods and measures. To retain a competitive advantage is to not
repeat performed actions in a battlefield. Performance measurement is for staying
up to date about reality, timing and resources. (Mahoney 1997: 1–2.)
Having too much data is the most serious problem to any organization. To
collect only financial and operational data is short-sighted. Too much
summarization makes information meaningless. Wrong measures are misleading
and courteous measures are not competent. There is a dilemma whether to stress
behaviour or accomplishment. Is it better to measure improvement than compete
internally and discourage collaboration? (Brown 1996: 15–26.)
Effective control requires accurate, relevant and timely information about
activity or function performance (Ballou 1999). By dividing targets and control
into smaller sections, it is possible to construct more sensitive and contemporary
measurement systems (Rouse & Putterill 2003: 795–799).
Management accounting is one way to implement strategies and control tasks.
Accounting is used to ensure authorized transactions, access resources, and to
record and report resource usage. (Anthony et al 1989: 23–24.) From a financial
standpoint, the first stage in a decision-making process is to specify the objectives
of the organization. It is too simplistic to say that the only objective of a business
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control

planning

firm is to maximize profits. Some may set out to build an empire, while another’s
target could be, for example, company’s security.
The best goal is to maximize the value of future net cash inflows. The second
stage is to search for a possible course of action. A common problem with
financial targets is short-term profits due to reduction of investments, employee
training and information technology. (Meredith & Shafer 2001: 32, Drury 2000.)
The search for alternative strategies invokes the acquisition of information
concerning future objectives and environments. This decision-making framework
in management accounting discipline is presented in Figure 13. (Drury 2000.)

Fig. 13. Decision making, planning and control framework (Drury 2000: 6, published by
permission of Cengage Learning EMEA).
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According to Drury (2000), decision-making is to choose between competing
alternatives to satisfy the objectives of an organization. Once an alternative is
selected it should be implemented and most of all, controlled. To control is to
compare the actual and the planned. The control is made by measurement, by
reporting and by subsequent performance corrections. Performance planning
involves a choice between alternatives and the control of the chosen alternative.
When potential strategies are identified, management assesses the potential
growth rate of the activities. The final course of action commits the resources.
The purpose of performance measurement is to motivate behaviour leading to
continuous improvement towards final course by utilizing committed resources
(Drury 2000, Lynch & Cross 1995: 1).
Otley (1999) constructs performance measurement around five central issues:
objectives, strategies, targets, rewarding and feedback. The central focus is in
managing organizational performance. The framework is constructed from the
perspective of operations research and validated against budgeting, economic
value added and the balanced scorecard organizational control systems.
Otley (1999) criticizes the management control system for being a more
financial performance or business oriented measurement system than an
organizational measure. Proportionately, the objective of operations management
objective is to measure and manage organizations performance extensively. In
order to achieve better organizational performance, management control requires
more operational information in order to maintain and develop organizational
behaviour towards targeted strategy.
Altman in Rouse & Putterill (2003: 792) describes three components of
performance monitoring: relevant data, analysis and actions based on information.
Correspondingly, Kennerley and Neely in Rouse & Putterill (2003: 799) identify
individual measures, combined performance and relevant data as the basis for
measurement systems. According to Rouse & Putterill (2003: 799) performance is
constructed from measurement, analysis and evaluation procedures.
Brown (1996: 145) proposes a six-step procedure for redesigning
measurement. The first step is to prepare a documented guide, the second step is
to analyse operational performance. The third step defines key success factors and
business fundamentals. The fourth step constructs macro performance measures
and the fifth step develops a holistic measurement plan. Finally the data collection
instruments and procedures are designed.
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2.4.1 Management system
A management system is for performance measurement and control, for tracking
improvements by comparing results against strategic targets and objectives.
Managers rely on performance measurement and control to set direction, make
strategic decisions, and achieve desired targets. A task can be easy for a small
business in one location, but in a larger and more dispersed business, the
techniques can become complicated. (Simons 1999: 3–7.)
According to Simons (1999), management systems are for balancing a variety
of forces. By balancing growth, profit and control, managers are able to drive set
business strategy. This driving is the challenge. A way to success is paved by
balancing motivation of human behaviour towards set strategic targets as exact
performance measures.
The purpose of the performance measurement is to motivate (Lynch & Cross
1995: 1). The measures link operations to strategic targets and the management
system has to integrate financial and non-financial information into a useful form
for the operations manager. Finally, the measurement system has to focus all
business activities on customer requirements. (Lynch & Cross 1995: 6.)
The measures need to focus on the past, present and future. The measures
need to consider the needs of the customer, the owners and the employees.
(Brown 1996.) Also the reporting needs to be consistent with intended
performance. (Lynch & Cross 1995: 6.)
Lynch & Cross (1995) emphasize that measurement targets motivate
continuous improvement in customer satisfaction, flexibility, and productivity –
simultaneously. The objective is to measure operational performance and foster
corporate targets. The measurement is a feedback system to guide consistent
behaviour towards corporate strategy.
Lynch & Cross (1995) criticize the management by objectives technique for
focusing too much in the chain of command instead of functions and sequence of
activities. Managers and employees need more of a strategy than just general
direction, in order to conduct top performance.
Beischel & Smith (1991) emphasize critical success factors and linked
measures through organization. They classify each measure by frequency and
scope to a certain sphere of responsibility where each range has direct influence
to a measured task. They conclude that each measure is linked to an
organizational target as well as to production tasks.
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The closer the targets are linked to the common target the better is the
management system. According to Anthony et al. (1989: 58–59) the performance
targets need to be congruent. Personal targets are linked to the organization, the
management and the company target. It is integral to a management system to
motivate the right behaviour in order to achieve organizational success.
To have a good measurement system is to have a good strategy (Brown 1996:
162). The performance measurement system’s purpose is to keep an organization
on track towards their long-term targets, however, a fixed performance
measurement system does not ensure performance improvement. A good set of
measures is the foundation to an effective renewal effort. (Brown 1996: 171–180)
Performance information needs to be internal in order to describe the
organization’s behaviour, reduce uncertainty and foster cooperation towards the
organizational targets. Performance information for evaluation is the core of
effective supervision and control. Performance information is also an effective
tool for guiding an organization. (Anthony et al. 1989: 133–142.)
Brown (1996: 141) suggests two approaches for designing a performance
measurement system. The top-down implementation style fits best with a
corporate controlled culture, is fast to implement, and is aligned with corporate
strategy. In an autonomous culture, implementation by units or locations is more
productive. Within this culture, one unit acts as a prototype and best practices are
then implemented to other units.
The measurement development starts by planning what needs to be done; the
procedure continues to strategies on how to reach set targets. A strategy is
implemented by management control and final performance is gained through
efficient scheduling and task control. (Anthony et al. 1989: 22–23.)
During operations, the consumed resources and earnings are recorded. The
records are compared to the plan for measuring operational performance. The
management system is a communication construction that provides relevant
reports for different levels of management. (Anthony et al. 1989: 28.)
The complication in the system concerning human behaviour is the individual
reaction towards set targets. When developing management systems it is essential
to understand human behaviour, of both the managers’ and the employees’. The
management needs to know how an organization responds to different control
signals and devices. (Anthony et al. 1989: 42.)
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2.4.2 Decision support system
Organizations compete in quality, dependability, speed, and cost. The old school
assumption is that these dimensions of improvements are opposing, for example,
improving quality increases cost. Present knowledge says that the benefits are
cumulative. (Ferdows & De Meyer 1990, Meredith & Shafer 2001: 37.)
Schmenner and Swink (1998) propose The Theory of Swift, Even Flow and
The Theory of Performance Frontiers as a context for operations and supply chain
performance evaluation. They suggest that the more swift and even the flow of
the materials are, the more productive the operations. The operations are
evaluated against the performance frontier, a similar method to Data Envelope
Analysis. This development is towards the Decision Support System.
According to Simchi-Levi et al. (2008: 421) DSS is an analytical tool to aid
operations planning. The DSS range from personal spreadsheets to expert systems.
The DSS address problems such as network planning to tactical planning all the
way to daily operational problems. The management system summarizes vital
data and the DSS is for diagnosing this data. For reliable decision, in order to
ensure validity and accuracy of the DSS recommendations, it is important to
understand how DSS works. (Simchi-Levi et al. 2008: 421–422.) This fosters
DSS simplicity.
The DSS is to aid human decision-making and provide productive tools for
knowledge workers. This aid is computer-based assistance to a human decision
maker. The DSS offers possibility of combining of best capabilities of both
human and computers. A computer is obviously much faster and more accurate in
handling massive amount of data. A human has the ability to recognize relevant
patterns among many factors involved and link this information into examined
operations, current operational situation and current business environment. A
human has also the ability to exercise subtle judgements on the basis of obscure
and incomplete information. The DSS offers a data manipulation capability for
human decision maker. (Emery 1987: 100–103.)
2.4.3 Performance measurement
Bhagwat & Sharma (2007) conclude that an effective performance measurement
method for supply chain is lacking. It is difficult to find a collective decision for
valid measures when a distinction between decision level metrics is missing.
Managers usually know what to do, but the answer on how to direct knowledge
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into organizational action is absent. Secondly, the fear of tightening control is
natural in any organization. An organization needs to internalize its reason to use
and foster new measurement. (Anthony et al. 1989, Pfeffer & Sutton 1999.)
According to Neely et al. (2000) performance measures are too narrowly
focused. The performance measurement systems are general frameworks that
suggest some areas to measure and provide little guidance for implementation. A
strategy driven system design is easy. The most difficult part is practicality,
usefulness and keeping the system up to date. The performance measurement
systems are strategy driven and hierarchical. The hierarchical measurement
systems ignore complexity. For practicality, measurement systems need to pay
attention to material flow and information within the organization. (Neely et al.
2000.)
Ghalayini et al. (1997) found the management accounting system to be
limiting the performance measurement development. The management
accounting system is rigid, and created for control and cost reduction. The
available information is obsolete, too coarse, financial and predetermined for
generality.
Wilcox & Bourne (2003) took a look back at the basis of performance
measurement and performance prediction. They argue that some of the basics
have been overlooked in today’s research. They suggest that operational roots in
quality control, testing, and control charts with statistics direct performance to
operations. Statistical cause and effect analysis will help discover strategic factors
that drive business and operations successfully.
Performance development starts with target setting and the policies to achieve
the set target. Next, controlled activities are found. Lastly, control technique and
method are defined and after which constant review will keep control up to date
and valid. Control is needed to ensure development in the right direction.
(Anthony et al. 1989: 6.)
Performance measurement is used to motivate and inspire people to perform
organizational activities towards a set, common target; a planned strategy.
Performance measurement implements strategy to each employee through line
managers. (Anthony et al. 1989: 10–15.)
According to Brown (1996: 190), employees need to understand performance
measures, targets, and strategy. They need to know how their function and tasks
fit in with the organization’s targets, in the big picture. Every employee should be
able to explain how the performance measures foster corporate strategy.
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Performance measures vary by the level of organization. At the shop floor
level, measurement is operational, mostly specific and quantitative. At higher
levels, attention is focused on the performance of the unit as a whole. In long term,
time span widens into tactical targets and strategic target setting. (Anthony et al.
1989: 143–144.)
Tactical decisions involve only sub-systems and commit strategic decisionmaking. Day to day operational decisions implement operations details. (Lynch &
Cross 1995, Rushton et al. 2000.) Gunasekaran et al. (2004) specify planning
periods even further into supply contexts: strategic level into lead time against
industry norms, tactical level into efficiency of cycle time and operational level
into day to day timely accurate operations.
Measurement
simplification
promotes
performance
measurement
development, but only when it succeeds in isolating the core components: The
measurement objective is consistency within organization’s targets. Excellent
management reporting is cognitively well planned; it facilitates continuous
improvement and focuses on relevant information. The reports are differentiated
at decision-making levels. The reporting system is management driven and
constructed towards strategy. (Anthony et al. 1989, Filtman 1996, Gold 1955.)
2.4.4 Management by performance
According to Anthony et al. (1989: 10–15) management is focused on behaviour.
Management’s task is to direct organizational targets to each autonomous
department, assess organizations performance and arrange information systems to
communicate on development and state of performance towards strategic targets.
Management by performance is a tracking process towards these targets.
Performance measurement encourages the management and the employees to
achieve strategic success. (Anthony et al. 1989, Filtman 1996.)
Anthony et al. (1989: 144) defines management control as the process of
directing the activities of set variables to attain a predetermined target. Directing
takes two forms, preventive and corrective control. The preventive control
consists of instructional and motivational information. The corrective control
compares actual to expected performance. The overall objective is to improve
future performance by corrective actions.
Franco & Bourne (2003) proposes nine factors that have significant impact
on managing through measures: organizational culture, commitment, link to
measurement system, understanding measures, performance communication,
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system review, information technology, measurement framework, business and
industry. They emphasize the organizational culture as the most important factor
in managing through measures. To manage means to measure organization’s
performance, and to motivate an organization towards its targets and control of
past actions.
According to Anthony et al. (1989: 93) the targets are the reason for an
organization’s existence. The targets serve, coordinate, guide and provide purpose
for the organization. An organization develops strategies to indicate paths and
attain targets.
Fiegenbaum et al. (1996) describe target setting as a strategic reference point.
Management signals strategic references by priorities and by giving direction to
the organization. This type of management is based on prospect theory. A major
prediction is a risk-seeking and risk-averse organization that overtakes set
strategic references. Theory suggests that an organization acts risk-seeking below
reference point and risk-averse above.
Lynch & Cross (1995) criticize traditional management by performance
targets that foster internal competition rather than teamwork. A fixed rewarding
system is based on past performance and is hard to change. The objectives may be
one-dimensional, too aggregate and financially oriented. Also the cost structure
may be misleading. A successful management by performance is a management
of change towards specific, well aligned, strategic targets (Mahoney 1987).
2.4.5 Order penetration point
In describing operations, the first problem is to decide on the most appropriate
method for the operations planning. The main consideration is whether the
operations output will be made to stock or made to order. (Meredith et al. 2001:
160–165.) In the Make-To-Stock method, the operations are based on long term
decisions and forecasts. Respectively, the Make-To-Order method is demand
driven. (Simchi-Levi et al. 2000: 118–119.)
In the Make-To-Order method, operations are synchronized to actual demand.
Some of the benefits are short lead times, small inventories and small variation.
(Simchi-Levi et al. 2000: 118–119). If the customer is able to wait for delivery, in
theory, production is made to order through supply. The order pulls the product
through the supply chain. In Make-To-Order operations, total performance
depends on the speed of operations and actual known demand. (Schary & SkjøttLarsen 2001: 55.)
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The Make-To-Stock method is more difficult to implement than Make-ToOrder method. The lead time is too long for the react to demand change. Also it is
increasingly difficult to take advantage of the economics of scale since system is
not planned far ahead in time. The advantages and disadvantages of the Make-ToStock and the Make-To-Order operations have led to a method of taking
advantage of both. It is suggested to use the Make-To-Stock method where
demand uncertainty is relatively small and a long-term forecast is appropriate.
Otherwise the demand driven system is recommended. (Simchi-Levi et al. 2003:
122.) In a combination of the methods, the product is usually differentiated in the
interface (Simchi-Levi et al. 2000: 118–119). If the operations have more than
one point to differentiate the product, the point has to be decided and the decision
should balance the advantages of these two operations’ planning methods
(Simchi-Levi et al. 2000: 186).
2.5

Theory synthesis

This exact method for operations management seems not exist (Geary et al. 2006,
Skjøtt-Larsen et al. 2007, Tuominen et al. 2009). The financial methods are too
complex because of price recovery (Eilon 1982, Eilon & Teague 1973, Garrigosa
& Tatjé 1992, Gold 1980, 1982, 1983, 1985, 1990, Hannula 1999, Loggerenberg
& Cucchiaro 1981, Pineda 1990, Sink 1985: 145–150). The commensurability
and allocation dilemma aggregate financial approaches (Sink 1985: 145–150),
and price recovery is out of managerial control. (Pineda 1990, Loggenberg &
Cucchiaro 1981, Sink et al. 1986.)
According to Pineda (1990), a financial approach is plausible in the long term.
In the short term, financial information is too aggregate for internal performance
measurement. Financial measures describe past performance. Because of price
recovery, the result is too aggregate for operational decisions. Annual reports and
accounts do not offer valid information for operations management. (Pineda 1990,
Hannula 2002)
Pineda paved the way for Hannula (2002). Hannula discusses a practical
approach to the productivity of business unit levels, and presents a method to
implement financial productivity measurement from management to business unit
levels by productivity factor derivation. Hannula concludes that when partial
productivities are measured comprehensively enough in business units, it is
possible to express a total productivity change by a factors change.
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The big picture of the EMMDDIO is alignment according to Lee HL (2004)
towards supply chain responsiveness according to Christopher & Lee (2004). The
problem is in lacking methodology to align a single task measurement up to
supply chain performance (Bhagwat & Sharma 2007, Huang et al. 2004, SkjøttLarsen et al. 2007: 343, Wong & Wong 2008). This is in this study practise, a
method to construct a Decision Support System (DSS). The DSS is for addressing
case problems, from strategic problems such as network planning to tactical
problems such as order allocation all the way to operational problems such as
scheduling (Simchi-Levi et al. 2008). The DSS is designed to aid human
decision-making and provide productivity tools for operational use (Emery 1987).
The baseline for this study operations measurement is streamlined product
flow towards productivity improvement (Cross & Lynch 1988, Gunasekaran et al.
2004). This productivity is linked into financial measures; profitability, capital
spending, and into quality (Gold 1980, 1982, 1983, 1985, 1990, Eilon 1982,
Miller 1987, Pineda 1990, Risk et al. 1965, Sink 1985). Productivity has also a
system perspective as a physical input output ratio (Kurosawa 1974, 1991).
The EMMDDIO is constructed contrary to controllability engineering
approach by Eloranta (1981), Olkkonen & Eloranta (1978) and Lehtonen &
Seppälä (1997). Eloranta (1981) has examined controllability in mechanical
engineering industry in full. Process industry and more exact, the controllability
paper industry supply chain is explored in depth by Lehtonen (1999) and
Lehtonen & Holmström (1998). This study is focused into less explored field in
steel and electronics industry. The difference to these controllability engineering
approaches is in number of operating factors, constructed DSS, and targeting
towards productivity improvement. The theoretical framework of productivity
and controllability in the context of alignment and supply chain responsiveness
according to Christopher & Lee (2004) and Lee HL (2004) is presented in Figure
14.
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Fig. 14. Theoretical framework of productivity and controllability.

Olkkonen & Aaltio (1976) and Olkkonen & Eloranta (1978) made good use of the
controllability engineering approach to manage industrial operations. They
discard productivity and concentrate on delays and inventories. Eloranta (1981)
has developed the controllability engineering approach in mechanical engineering
industry and Lehtonen (1999) into a supply chain context in the paper industry.
The way he depicts the operations is similar in this study, and the research logic,
excluding productivity approach and study scope, is also comparable.
In defining productivity, Sink (1985) discusses relationships between
productivity management and organizational system performance management.
This organizational system’s seven performance measures are effectiveness,
efficiency, quality, profitability, productivity, quality of work life and innovation.
Productivity is the relationship between quantities of outputs from a system and
quantities of inputs into that same system.
Concerning input and output measures, Sink (1985) defines effectiveness as
an output measure and efficiency as an input measure. These both measures are
ratio measures to be compared with another examined period result.
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Concerning measurement, Sink (1985) defines productivity as one of the
seven performance measures and its importance depends on the organizational
system. Sink (1985) also describes design criteria to evaluate quality of measures
or measurement system. The design criteria are:
1.
2.
3.
4.
5.
6.
7.
8.
9.

validity to measure the target phenomenon,
accuracy and precision to describe the true state of the phenomenon,
completeness to completely specify the behaviour of the phenomenon,
uniqueness as one good measure for each property of phenomenon,
reliability to provide valid results,
comprehensibility as most simple and understandable and still valid,
quantifiability to quantify measures,
controllability to quantify things that one is able to control, and
cost effectiveness in implementing measurement.

This is good design criteria in evaluating the operating factors of this study,
especially in defining the timely accuracy operating factor (Sink 1985: 68–69).
Gold (1955) has the most strategic approach on productivity (Hamel &
Prahalad 1994: 15–19). Gold underlines cyclical investments’, products’ and
capacity development’s effects on productivity. Unfortunately Gold constructs a
total productivity index in financial terms and the price recovery kills the
operational practicality (Sink 1985: 145–150, Eilon & Teague 1973).
Also Sumanth (1984) constructs a total productivity management in a
productivity cycle. A cycle is a four phase continuous process that includes
measurement, evaluation, planning and improvement. The improvement phase
increases productivity by a step. Implemented, improved performance is
measured, evaluated and planned at the next level of productivity.
Sumanth (1998) defines total productivity in the context of managerial
economics, managerial accounting, and management science. Correctly
implemented total productivity approach provides improvement in market share,
innovation, profitability, efficiency, effectiveness, growth, stability, and social
welfare. Sumanth (1984) clarifies the definition between efficiency, effectiveness
and productivity. Sumanth defines efficiency as the ratio of actual output attained
to standard output expected and effectiveness as a degree of objectives
accomplished.
Santos et al. (2002) use quite similar, cyclical approach in performance
measurement. They use Kolb’s experiential learning curve, system dynamics (e.g.
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Roberts 1978) and multicriteria decision analysis as tool in an iterative
development.
Stainer (1997a, 1997b) discusses the relevance and importance of
productivity in measuring performance. Steiner’s point of view is cost of capital
input. Stainer argues that capital measure is only relevant to short term
measurement. Long term measures are based on productivity.
Steiner (1997a) emphasizes productivity as the most relevant factor for
strategic decision-making. When approaching a shop floor, efficiency and
effectiveness have more value in measuring a part of the whole supply chain.
Steiner (1996, 1997b) differentiates productivity in different cultures. In
Japan, productivity is a phenomenon, focusing on input and output elements
without putting them together. Japanese productivity practices are derived out of
necessity. In the western world, the emphasis is on finding one cumulative ratio or
index for benchmarking or follow-up purposes, emphasizing precision. The basis
for measurement is the same in both cultures, but the use differs.
Filtman (1996) has quite a similar view to strategic measurement, but Filtman
ignores strategic targets and emphasizes a twofold measurement. The outcome is
a compromise of input as an efficiency measure and output as an effectiveness
measure. Filtman’s contribution is more operational than strategic measurement.
Taylor & Davis (1977) have a comprehensive measurement approach by
productivity. They concentrate in factor changes over time. They also accentuate
the matching principle and causality in measurement. The approach is more
instrumental than engineering and has a strong management accountant flavour.
The basis is to measure net output without costs, exactly what Kurosawa (1991)
refers to as the original definition of productivity.
Kurosawa (1991) builds productivity as a man-nature system. Productivity is
a judging principle for using, monitoring and improving well-being. It is a
principle that guides industrial activity to soundly use nature to produce useful
goods for human beings.
Kurosawa (1991: 33–34) argues that it is possible to plan productivity in
advance but only as a broadly aggregated value. Using the total productivity
concept in management, productivity has to be broken down into productivity
factors, in order to elucidate the causality of a phenomenon in terms of total
productivity; we have to break it down into parts, each of which may be used in
various activities contributing to the total productivity of an organization. Factor
productivity is unique to each level of the organization.
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Kurosawa (1974) groups departmental productivity factors as qualitative,
while quantitative elements refer to apportionment of resources and to product
mix. The quantitative factor valuation problem is due to raw material and product
pricing in transactions.
Contrary to Kurosawa (1974, 1991), Sumanth (1984: 151) finds it dangerous
to rely exclusively on partial productivity. By overemphasizing some factors, the
total picture may become distorted and lead into hazardous decisions. Sumanth
defines Total Productivity as total tangible output per total tangible input,
expressed in monetary terms. Intangible factors are considered minor and are
ignored. Price recovery kills Sumanth system’s operational practicality.
According to Kurosawa (1991: 33–34), total productivity has the form of
efficiency, but it is primarily an index expressing the effectiveness of pursuing
certain targets of an organization. Efficiency measures target gratification. Total
productivity is an aggregated result of technological-socio-organizational factors
and cannot be evaluated or anticipated as in the case of a formalistic or a
mechanical system. Factor productivity has a meaning unique to the level of an
organization in which it is located.
According to Kurosawa (1974, 1991), design for productivity is de facto. The
basis for the design is in demand forecasting. A practical link between operations
and profit is a cost reduction due to improved operations’ control. Kurosawa
(1974, 1991) defines output by means of change, capital, product development,
human resources and raw materials. The base for productivity improvement is
input utilization, and costs and value of output.
The study result is a sound internal productivity change measurement with
operational linear goal formulation and practical Decision Support System (DSS)
development. The operational target is defined by synchronizing sequential
operations into a frontier of operation lot size and planning period length. In this
study, the DSS is to manage this system towards the optimal performance;
towards the operational target according to the Exact Management Method for
Demand Driven, Industrial Operations (EMMDDIO).
The study is output-centred towards final demand in physical terms. Total
productivity has been broken up into the operating factors. The input factors are
inventory and workload as resources. The output factors are timely accuracy and
deliveries, that is to say, timely production towards demand. The operating factors
alignment is based on the performance pyramid adopted from Cross & Lynch
(1998), presented in Figure 15.
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Fig. 15. The basis of the EMMDDIO operating factors alignment.

The performance pyramid emphasizes three factors: service, flexibility, and
productivity for conducting operations within strategy. Customer service is
expressed by quality, delivery and price. The productivity objective is a short
cycle time, with competitive assets management and low costs.
The overall industrial objective is to increase quality, accelerate cycle time
and decrease costs. The delivery target is the right quality and quantity in time.
(Cross & Lynch 1988, Gold 1955, 1980, 1982, 1983, 1985, 1990.) Productivity
improves by decreasing waste and costs. Cycle time decrease shortens lead time.
Short lead time forces operations complete correctly in one go. There is little time
for repair or rework. (Cross & Lynch 1988, Gunasekaran et al. 2004.)
Flexibility with short lead time means responsiveness according to
Christopher & Lee (2004). Flexibility is a capability to provide products that meet
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the customers’ individual demand responsively. (Cross & Lynch 1988,
Gunasekaran et al. 2004.)
Steward (1995) emphasizes four measures in benchmarking supply chain
operations: delivery performance, flexibility, responsiveness, costs and assets
management. For delivery performance metrics, Steward’s suggestion is to
compare the actual date with scheduled or requested dates. The flexibility and
responsiveness are measured by cycle times in proportion to lead time. Steward’s
study is for supply chain benchmarking purposes and does not contribute on
industrial operations management, but Steward’s performance measurement
approach is useful to this study, in defining the operating factors.
The operations in question are defined as an input–output system and this
system is approached by productivity, because productivity is at its simplest a
physical input output ratio (Kurosawa 1974, 1991). The regressive operating
factors are inventories, timely accuracy, order backlog and production. The
operating factors to describe input are inventories and order backlog. The
operating factors to describe output are production and timely accuracy. The
streamlining and synchronizing principle prepares the operations performance up
in the optimum (Bowersox 2002: 55–60, Burbidge 1989, McCullen & Towill
(2002), Towill 1997, Schmenner & Swink 1998, Simchi-Levi et al. 2000: 179).
These operating factors are similar to factors used in Forrester or Bullwhip
diagnostics. Dejonckheere et al. (2003) simulates supply chain by transfer
function for Bullwhip diagnostics purpose to test different replenishment rules.
This transfer function is constructed according to order backlog, production, delay,
and work in process inventory, towards demand. These factors are similar to
Industrial Dynamics according to Forrester (1961 and 1978), Automatic Pipeline
feedback compensated Inventory and Order-Based Production Control System
(APIOBCS) replenishment model according to John et al. (1994), Vendor
Managed Inventory (VMI) simulation according to Disney & Towill (2003), and
Bullwhip diagnostics according to McCullen & Towill (2002) and Towill et al.
(2007). The analytics according to operating factors is concluded as product flow
diagnostics (Schary & Skjøtt-Larsen 2001: 26–27). This principle is presented in
Figure 16.

79

Fig. 16. The operating factors and the product flow diagnostics principle.

These operating factors in the product flow diagnostics are basically similar to the
factors analysing the Forrester effect by Dejonckheere et al. (2003), Forrester
(1961), John et al. (1994), McCullen & Towill (2002), Towill et al. (2007). This
product flow diagnostics is similar to the supply chain performance simulation by
using transfer function according to Dejonckheere et al. (2003), John et al. (1994),
Towill et al. (2007) and time-series analytics up to spectral density preciseness by
Dejonckheere et al. (2003).
The main difference to the Forrester effect diagnostics is in examined
planning method. This study focuses on demand driven operations, downstream
the Order-Penetration-Point (Hoover et al. 2001: 138, Sharman 1984). The
research concerning operational replenishment rules upstream OPP according to
Bender & Riezebos (2002), Disney & Towill (2003), Disney & Towill (2006),
Geary et al. (2006), John et al. (1994), McCullen & Towill (2002), Towill (1997)
is contrary to this study.
The second difference in their analytics is in simulating operations by transfer
function. The third difference into this study is using demand filtering and
smoothing to absorb natural demand fluctuation. The fourth difference into this
study is in using sinusoidal demand to simulate natural demand fluctuation.
The fundamental difference is in measuring delivery performance according
to the schedule. The standard industrial concept is on-time delivery. According to
Gunasekaran et al. (2004) this on-time delivery reflects whether perfect delivery
has taken place and measures customer service level. Similar concept is on-time
order fill, according to Christopher (1998: 52–53). Steward (1995) identifies
delivery-to-requested date, delivery-to-committed date, and order fill lead time.
According to Beamon (1999), on-time deliveries measure product lateness,
average lateness, average earliness or percentage of on-time deliveries. According
to Sakakibara et al. (1997), on-time delivery measures the percentage of on-time
deliveries to customer. To conclude, this on-time delivery measures either
successful deliveries or failed deliveries, not the internal operational performance.
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This on-time delivery is not robust measure for this study statistical purpose.
The tardiness, the lateness (Nahmias 2001: 419), or the on-time delivery are
inaccurate (Sink 1985: 68–69) and single-sided measures for this exact statistical
examination. These measures do not measure both in-hand and delayed
production at the same. These performance measures skew the data available for
the case study diagnostics according to Ghalayini et al. (1997).
Timing is emphasized in the study by discussing the concepts of timely
accuracy measurement, described in this study, and responsiveness according to
Christopher & Lee (2004). The Forrester effect (Forrester 1961) has been a major
problem in industrial operations for decades. By shortening lead times to faster
than the times of delivery, and by expanding Make-To-Order method to cover
examined operations, the Forrester effect is eliminated (Dejonckheere et al. 2003,
Disney & Towill 2006, Simchi-Levi et al. (2008: 190). This lead time shortening
improve responsiveness, decrease inventory levels and prevent losses due to
obsolete production according to Simchi-Levi et al. (2008: 195) and Towill
(1996).
The demand is unknown upstream OPP and this framing into known demand
operations classifies this scheduling problem as open shop problem (Graves 1981:
647). The target is to stress OPP as upstream the product flow as possible to shun
forecasting errors, excess stocking, obsolete production and closed shop
scheduling problems according to Graves (1981). (Hoover et al. 2001.)
To describe this edged open shop system’s behaviour, the regressors’
responses are explained through the demand change (Graves 1981, Wild & Seber
2000: 107–108). In the demand driven operations, the regressors’ responses may
be delayed and the responses are one-directional.
The main hypothesis in demand driven operations is that the actual lead time
is shorter than the actual demand planning period, the tactical variation is within
the periodical planning period, and the operational variation is within the
operational lot size (Christopher & Lee 2004), according to Taguchi philosophy
and methods (see e.g Manton 1989, Logothesis 1992).
Taguchi philosophy is focused on system design rather than the control of
work and machinery. Statistical analysis is made to find the best combination of
product and system design to make output independent of normal fluctuation in
the production system. (Meredith & Shafer 2001, 75)
Taguchi defines quality as “the loss imported to society from the time product
is shipped”. The loss is customer dissatisfaction. The loss function includes
warranty and service costs and indirect loss due to the loss of market-share and
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lack of competitiveness. Taguchi’s loss-function recognizes average performance
to match customer requirements. In the Taguchi philosophy, the variability of
performance should be minimized. (Logothesis 1992: 298)
The total loss can be approximately evaluated by Taguchi’s loss function. The
loss function unites the financial loss with the function specification through a
quadratic relationship in equation 1 (Logothesis 1992: 298):
L(Y) = (M/D2)(Y − t)2,
where

(1)

L = loss
Y = performance
t = desired target
D = customer’s tolerance
M = producer’s loss.

This loss function is presented in Figure 17 according to Barker (1989), Bryne &
Taguchi (1989), Logothesis (1992: 299), Manton (1989) and Taguchi (1986).

Fig. 17. Taguchi’s loss function.

The timely accuracy in this study is the amount of variation in the delivery
performance data. Three measures of variation are the range, the variance, and the
standard deviation. The range is the difference between the largest and smallest
82

observations in a set of data. The range measures the total spread in a set of data
(Levine et al. 1995: 178–179).
The variance and standard deviation take account of how all the values in the
set of data are distributed. The variance and standard deviation measure the
average scatter around the mean. The variance passes certain useful mathematical
properties, but its computation results are squared units. Thus, the standard
deviation (σ) is more useful for this study with original units of the data. (Levine
et al. 1995: 180–184)
In the demand driven operations, all resources are planned against demand.
Lead time with available capacity, channels order allocation according to
Mahoney (1997: 81–85). Set safety stock levels define the actual lead time
(Bowersox et al. 2002, Krajewski & Ritzman 2002, Schmenner & Swink 1998).
The actual lead time shortening improves responsiveness, decreases inventory
levels and prevents losses, due to obsolete production (Burbidge 1989, McCullen
& Towill 2002, Simchi-Levi 2008: 195, Towill 1996, Towill 1997).
The schedule may be measured by the profit maximization, capacity
utilization, timely accuracy and lead time according to Graves (1981) and
Mahoney (1997: 81–85), and these measures need to cover different loads:
operations with a heavy load, operations with lighter load and with no load.
(Mahoney1997: 81–85.) This varying load forms the open shop scheduling
problem as dynamic (Graves 1981).
The single target programming and scheduling is easy and exact, but this is
not enough for managerial purposes. The managerial target varies and is multiple.
Because of this multiple and dynamic target, this problem has not been solved
exactly. The proposals are to use Mixed Linear Programming (MLP) techniques
for this kind of problems (Heinonen 2007, Wagner 2004). This linear goal
programming (Bendat & Piersol 1980, Conover 1971, Grönroos 2003, Harvey
1993, Heizer & Render 2001, Hillier & Lieberman 2001, Ijiri 1965, Johnson &
Montgomery 1974, Lee & Moore 1974, Levine et al. 1995, Nahmias 2001,
Priestley 1981, Rushton et al. 2000) according to productivity improvement as
streamlining operations is the operations research approach for the study.
This linear goal programming provides an effective way of dealing problems
where management wishes to strive toward several goals simultaneously, but
“The key is a formulation technique of introducing auxiliary variables that enable
converting the problem into a linear programming format” (Hillier & Lieberman
2001: 340), for scheduling and for proper Decision Support System construction
(Emery 1987, Simchi-Levi et al. 2008) according to dynamic management system
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modelling (Jones et al. 1986, Kurstedt et al. 1988, Peterson 1986, Sink & Tuttle
1989: 152–153), towards the productivity improvement.
The operating factors are defined and sharpened in this study for statistics and
for most accurate product flow analytics, according to real data available. The
natural demand is input information for operations and it generates a pull effect
for this examined demand driven system. The allocated order backlog
proportioned to actual production indicates tactical planning performance. The
timely accuracy and the work-in-process level indicate operational performance,
and on-time delivery is considered as the desired output of the case operations.
Exact scheduling approaches exist with a single target, but exact methods
with multiple hierarchical goal programmed target are rare (Baumol & Fabian
1964, Dzielinski et al. 1963, Graves 1981, Manne 1958). Also the heuristic
priority (Tersine 1985: 561) or heuristic dispatching (Mahoney 1997: 81–85) rules
are single target oriented. A two-dimensional physical linear sequencing problem
has been solved exactly but sequencing problem with more dimensions is NP hard (Harjunkoski et al. 1996, Harjunkoski et al. 1998, Ortmann et al. 2010,
Slack et al. 1998).
The linear goal programming provides a way to strive several targets
simultaneously (Hillier & Lieberman 2001: 332), but for linear programming the
operating factors need to be proportional, additive, divisible, and certain (Hillier
& Lieberman 2001), and statistical modelling requires continuous regressors and
an independent response factor (Graves 1981, Wild & Seber 2000: 107–108).
Because of the proportionality, the additivity assumptions and the price recovery
(Sink 1985: 145–150), the financial approaches (see for example Gunasekaran et
al. 2001) are edged from this study. Financial approaches are too complex for
practice because of the price recovery and this complexity multiplies according to
the number of separate operations and decentralization (Baumol & Fabian 1964,
Beamon 1999, Chen et al. 2001, Gold 1955, 1980, 1982, 1983, 1985, 1990, Eilon
& Teague 1973).
The demand as an operating factor is considered as independent response
factor in relation to the continuous regressors. The response factor and the
regressors are defined according to productivity improvement (Bowersox et al.
2002, Cross & Lynch 1988, Gunasekaran et al. 2004, Gold 1955, 1980, 1982,
1983, 1985, 1990, Lee HL 2004, Lynch & Cross 1995), and according to the
product flow diagnostics (Dejonckheere et al. 2003, Disney & Towill 2003,
Forrester 1961: 22–23, John et al. 1994, McCullen & Towill 2002, Towill 1997,
Towill et al. 2007).
84

3

The operations management method and
empirical cases

There are three elements that companies should develop in order to succeed in the
globalizing markets: replenishment level, time and distance (Christopher &
Towill 2002). This study focuses on replenishment levels and time. Distance in
the form of deliveries is considered as given and affected by operational structure.
This study constructs an exact operations management method for demand
driven, industrial operations. The big picture of these industrial operations in a
supply chain network according to Harland (1996) is presented in Figure 18.
raw
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Fig. 18. Industrial operations in a supply chain network according to Harland (1996).

This management method focuses on managing these demand driven operations
by numbers. This shared quantitative target is needed to avoid sub-optimization
(Schary & Skjøtt-Larsen 2001: 26–27), but exact target setting is found complex.
If each manager has similar objectives, the integration is satisfactory, otherwise
the targets are conflicting. A common reason for conflicting targets is the
operations’ independency to take advantage of the economics of scope and scale.
(Simchi-Levi et al. 2000: 102–103.)
This complexity is due to competition among parallel and sequential
operations in the chain because of independency, according to Schary & SkjøttLarsen (2001: 26–27), and lack of proper method for exact operational target
development in the form of linear goal programming (Bendat & Piersol 1980,
Conover 1971, Grönroos 2003, Haizer & Render 2001, Harvey 1993, Hillier &
Lieberman 2001, Ijiri 1965, Johnson & Montgomery 1974, Lee & Moore 1974,
Levine et al. 1995, Nahmias 2001, Priestley 1981, Rushton et al. 2000). This goal
programming is for exact flow-shop or job-shop scheduling (Heinonen 2007), and
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supply chain performance measurement (Gunasekaran et al. 2001, Gunasekaran
et al. (2004), Skjøtt-Larsen et al. 2007) for proper Decision Support System
construction (Emery 1987, Simchi-Levi et al. 2008) according to management
system modelling (Jones et al. 1986, Kurstedt et al. 1988, Peterson 1986, Sink &
Tuttle 1989: 152–153) towards the productivity improvement, according to the
EMMDDIO.
This Exact Management Method’s (EMMDDIO) practical result is a Decision
Support System to schedule, run and develop demand driven industrial operations
operationally, tactically and strategically. The research approach and the research
questions are presented in Figure 19.

Fig. 19. The stages of the study.

The research questions, the operating factors and the synchronic framework to
analyse demand driven operations are developed during the preliminary analysis
of the first case. The theory synthesis in Sub-Chapter 2.5 concludes a theoretical
survey concerning the demand driven operations management and the operating
factors development and answers the first research question (RQ1).
This Chapter 3 is the description of this constructed Exact Management
Method for Demand Driven, Industrial Operations (EMMDDIO). This
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EMMDDIO is tested in different operational environments in cases B – F to
verify the reliability of this study.
Next Sub-Chapter, 3.1, describes the principles of this method and briefs the
EMMDDIO instructions. This EMMDDIO instruction is the answer in the second
research question (RQ2).
Estimating the benefits of this EMMDDIO and answering the third research
question (RQ3) are the final steps. The managerial implications are discussed in a
cross case analysis in Sub-Chapter 3.11. In the Chapter 4 the research’s scientific
contribution, validation, implications and further research are discussed according
to relevant theory in Chapter 2. The practical benefits due to using this method
are calculated and discussed in Sub-Chapter 4.3.
The empirical research is divided into synchronic, diachronic and parallel
segments according to Barley (1990). The synchronic segment is the synchronic
framework constructed in this study. The purpose of these synchronic segments in
the empirical context is presented in Figure 20.

Fig. 20. The synchronic segments in the empirical context.

These synchronic segments A–F are the case studies analysed in this study. Each
quantitative segment is analyzed according to EMMDDIO instruction. These
diachronic studies B, A, C and D, E, F are made to validate this method in
industrial scope, from site operations into global industrial operations. The
parallel study validates this EMMDDIO into supply chain context.
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3.1

Constructing this operations management method

Each case study begins with a product flow diagnostics according to Forrester
(1961: 22–23), Burbidge (1989), Bender & Riezebos (2002). The case studies
framing into demand driven operations eliminates the Forrester effect, but robust
planning, gaming, incoherent or distorted information between demand and
operations kick-starts the effect (Forrester 1961, Geary et al. 2006, Lee et al.
1997a, Lee et al. 1997b, McCullen & Towill 2002). The practical task of the
empirical case studies is firstly, to examine how each system responds to demand
and secondly, to streamline case operations (McCullen & Towill 2002,
Schmenner & Swink 1998).
The operational target for demand driven operations is defined according to
streamlining and synchronization (Graves 1986, McCullen & Towill 2002,
Schmenner & Swink 1998). Each quantitative case study follows typical phases
of operations research modelling approach according to Hillier & Lieberman
(2001: 7):
1.
2.
3.
4.
5.
6.

Define the problem of interest and gather relevant data.
Formulate a mathematical model to represent the problem.
Develop a computer-based procedure for deriving solutions to the problem
from the model.
Test the model and refine it as needed.
Prepare for the ongoing application of the model as prescribed by
management.
Implement.

The first case study especially follows these operations research phases. The first
case study is also most depth quantitatively. The main contribution of this first
case study is the operating factors definition and the method construction for
using these defined operating factors. The next case studies are made to test this
constructed method that is using this defined set of operating factors.
The practical result of this EMMDDIO is a case specific Decision Support
System (Emery 1987, Simchi-Levi et al. 2008). This DSS is constructed by
means of this method’s operating factors, these factors sensitivity to the case
streamlined operational target and programmed linear operational target for
scheduling. This is the product flow diagnostics and this linear target for
scheduling is programmed by means of linear goal programming (Bendat &
Piersol 1980, Conover 1971, Grönroos 2003, Harvey 1993, Heizer & Render
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2001, Hillier & Lieberman 2001, Ijiri 1965, Johnson & Montgomery 1974, Lee &
Moore 1974, Levine et al. 1995, Nahmias 2001, Priestley 1981, Rushton et al.
2000).
The DSS is constructed towards the operational target, according to
productivity improvement (Gold 1955, Taylor & Davis 1977, Kendrick 1977,
Sumanth 1984, 1998, Cross & Lynch 1988, Kurosawa 1974, 1991, Lee &
Billington 1992, Lee & Billington 1995, Lee et al. 1997a, Lee et al. 1997b, Lee
HL 2004, Lynch & Cross 1995, Steiner 1996, 1997a, 1997b, Filtman 1996,
Christopher 1998, Bowersox et al. 2002, Christopher & Lee 2004). The DSS
dynamics and especially this EMMDDIO’s DSS iterative development have
analogy to the Kurstedt’s Management system modelling (Jones et al. 1986,
Kurstedt et al. 1988, Peterson 1986, Sink & Tuttle 1989: 152–153).
“What gets measured gets done” (Lynch & Cross, 1995). This DSS is to
streamline operations and to eliminate the Lead Time Malady according to
Mahoney (1997) and the Flywheel Effect according to Houlihan (1985). The
purpose of this method is to implement productivity improvement through
organization by operating factors, linear operational target and performance
measurement. The practical implication is a case-specific Decision Support
System. The stages of this EMMDDIO are presented in Figure 21.
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Fig. 21. The stages of this method.

The stages of this operations management method is a modification of the
Performance Management Chart pictured in Sink & Tuttle (1989). This
modification is to edge this method’s scope into demand driven operations and
90

synchronization practices according to Just-In-Time supply. These edged demand
driven operations are analysed with the product flow diagnostics.
The synchronic framework concludes the case study. The synchronic
framework consists of the defined operating factors’ data, time-series analysis of
these operating factors and the operational target definition. The system behaviour
is illustrated statistically, and analysed, according to this defined operational
target. This illustration and analysis is the product flow diagnostics in this
EMMDDIO method. The synchronic framework is presented in Figure 22.

Fig. 22. The synchronic framework of the EMMDDIO.

The operating factor demand (d) as independent external response factor causes
fluctuation to the demand driven operations. The regressive operating factors
interaction illustrates system behaviour according to the demand. The regressive
operating factors data is synchronic; equivalent in value and period of time. This
synchronic data is the premise for the statistical product flow diagnostics.
The regressive operating factors are inventory level (i), timely accuracy (t),
production (p) and order backlog (o). The operational operating factors
development and alignment according to EMMDDIO are presented more detail in
the theory synthesis in the Sub-Chapter 2.5.
The production and the order backlog are the tactical factors. These tactical
operating factors are for tactical planning and control. This tactical planning is to
allocate orders according to capacity available and to control these tactical
operating factors coherency according to the linear goal programmed schedule.
The inventory level and the timely accuracy are the operational factors. The
operational operating factors deviations as operational and tactical variation
towards the operational linear goal programmed target, according to Taguchi
philosophy is presented in Figure 23. The Taguchi philosophy in the context of
this study is presented more detail in the Sub-Chapter 2.5.
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operational planning period
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Fig. 23. The operational and tactical deviations from the operational target.

The operational target is defined by streamlining and synchronization principle,
according to Burbidge (1989), Graves (1986), McCullen & Towill (2002)
Schmenner & Swink 1998, Simchi-Levi et al. (2000: 179), Towill (1997) in unit
of time in the Sub-Chapter 3.2.1. The inventory level is estimated as the actual
lead time as pictured in the Figure 3, according to operational flow rate definition
in the Sub-Chapter 3.2.2.
This kind of dynamical logarithmic response meets the case in the operational
period and affects through the schedule. The operational variation in the range of
lot size is expected to improve along this logarithmic effect by force of this
operational linear goal programmed objective function.
The operational operating factor deviation extent’s operational range requires
tactical remedial actions. The first negative effect due the variation is the Lead
Time Malady and this effect may cause amplification upstream the product flow.
This amplification is known as the Flywheel effect. This tactical incoherency is
fixed by remedial actions, according to Mahoney (1997), by reallocating the
resources within the current operational planning period.
The deviation extent tactical range requires strategical actions. These
negative effects due this variation are concluded as the Forrester effect in this
study. These strategical remedial actions are firstly to reallocate orders within
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tactical period according to Mahoney (1997), and secondly to change the
capacities for demand planning periods according to Sub-Chapter 2.1.6.
3.1.1 The first theorem for the tactical coherency
In demand driven operations, the operational operating factor’s deviation has a
direct effect on the tactical operating factor’s deviation. In demand driven
operations, the tactical operating factor’s incoherence has a direct effect on
demand allocation into the order backlog, and on the capacity allocation for the
order backlog, according to the Sub-Chapter 2.1.6. This is the tactical coherency
between the actual production and the order backlog.
3.1.2 The second theorem for the operational operating factors
In the synchronous demand driven operations, the operational operating factors,
the inventory level or the timely accuracy, should not correlate positively with the
production or with the order backlog, rather with the demand. If the demand
driven operations is working properly, the demand is allocated into the order
backlog according to lead time and further correlation does not exist. The order
backlog is the allocated plan for operations and it should correlate with
production directly as mentioned in the first theorem. (Burbidge 1989, McCullen
& Towill (2002) Schmenner & Swink 1998, Towill 1997.)
3.1.3 The third theorem for the inventory level
If this operational synchronization is not fully utilized, the inventory level
correlation with the production is slightly negative, according to productivity and
replenishment in Make-To-Stock operations (see for example Bender & Riezebos
2002, Disney & Towill 2003, Disney & Towill 2006, Forrester 1961, Geary et al.
2006, Lee at al. 1997b, John et al. 1994, McCullen & Towill 2002, Towill 1997,
Wagner 1980, Wagner 2004, Wagner & Whitin 1958). In continuous demand
driven operations, during the production ramp-down and ramp-up period the
inventory level, the production and the order backlog do correlate positively
according to productivity. In the production ramp-down period the inventory level
approaches zero in relation to the production decrease. In the production ramp-up
period, the inventory level increases up into defined target in relation to the
production increase. These correlations are positive and these production ramp93

down and ramp-up periods need an individual production plan. In general, the
inventory level correlation with the production is negative, if exists.
3.1.4 The fourth theorem for the timely accuracy
In demand driven operations the timely accuracy is the most important operating
factor. According to Sub-Chapter 2.1.6, timely inaccurate production and too
aggregate production planning cause shortages and excess stocking. The excess
stocking is due to in-hand production. This in-hand production displaces a timely
production. This means negative correlation between the inventory and the timely
accuracy.
The operating factor correlation with the timely accuracy indicates a problem
concerning this correlating operating factor’s object, according to the demand
driven operations, and according to Just-In-Time and Lean philosophy, and
according to The Theory of Swift, Even Flow (Bowersox 2002: 55, Naruse 2003,
Schmenner & Swink 1998, Simchi-Levi et al. 2000: 179). In demand driven
operations the timely accuracy does not correlate with these operating factors.
3.2

This operations management method in practice

This method begins with technical production flow drawing, operational target
definition and time-series analysis. The technical drawing illustrates operations,
delays and inventories in the examined production flow, and this product flow
diagnostics illustrates this system behaviour.
The results according to the product flow diagnostics are based on the four
theorems. According to second theorem the sequential inventories and delays do
not correlate with the demand or with each other. The parallel inventories may
correlate with each other but not in total with the demand according to Schmenner
& Swink (1998) and Simchi-Levi et al. (2000).
Secondly, those correlating operating factors; interaction, coherency,
periodicity and seasonality are illustrated with time series analysis. These timeseries are analyzed graphically and by spectral analysis, when applicable. Finally,
the operational operating factors’ deviation is analyzed through the
responsiveness to the demand, the order backlog and the production.
The results according to time-series analysis are concluded in relation to the
defined operational target, operational flow rate and targeted inventory level. The
final steps are linear goal programming and management system engineering.
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3.2.1 How to define this operational target
In the demand driven operations, the production is coherent to the order backlog
and is considered as an independent response factor for the operational operating
factors regression, according to the second theorem. This simplification enables
operational operating factors regression analysis in timely units, equivalence in
value for statistics. To define the operational target, delays are streamlined into an
edge of synchronized lot size or constricting delay according to Graves (1986)
and Schmenner & Swink (1998). The timely accuracy of the product flow is
streamlined into an edge of the operational planning period, as presented in
Figure 24.

Fig. 24. The definition of the operational target.

This demand planning period is the broadest time frame needed to illustrate the
demand driven operations responsiveness to the demand, according to lead time
and capacity allocation in the Figure 6 and according to theory in Sub-Chapter
2.1.6. In this definition, a production planning method affects on planning period
length and machinery affects on lot size length. This production planning period
length is also the timely accuracy target range for the product lead time definition.
The operational planning period length sets a range for production timely
accuracy; whereas this synchronized lot size and delay length sets a timely
tolerance for tasks sequencing in each operation along the product’s route.
3.2.2 How to define this operational flow rate
The periodic tasks sequence length defines the operational flow rate. This
principle of the operational flow rate definition in Figure 25 is based on the
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production flowchart and on the operational target definition presented earlier in
the Figure 24.

Fig. 25. The principle for the operational flow rate definition.

a

Fig. 26. The principle for the inventory level and actual lead time definition.
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timely variation

According to fourth theorem, the most significant element in the capacity
allocation and scheduling is time. This operational flow rate is needed to define
the operational optimum for the inventory level and actual lead time, in units of
time. The synchronized delay length has an effect on tasks sequencing into a
schedule. The delay lengths, together with run times, constitute this actual lead
time length. This product’s actual lead time length is for the demand planning
period length definition and for demand driven production, start time definition.
The first case study production flow in Figure1, Appendix 1 is used as an
example for the target inventory level and the target actual lead time definition.
The principle for the inventory level and the actual lead time definition for each
product flow and the effect of delayed and in-hand production into inventory level
are presented in Figure 26.

total inventory

a

timely variation

This “a” describes the length of the operational planning period and this “b”
signifies the product’s 2G actual lead time ex-works. By dividing this b with this
a, and by multiplying this result with planned 2G production, a target inventory
level for the product 2G, is received.
The 2G product is the most refined product concerning this product flow.
This similar principle to define product 2B actual lead time and inventory level is
presented in Figure 27.

Fig. 27. The principle for product flow’s inventory level and actual lead time definition.

These actual and estimated lead times are equal in length but incoherent. In these
Figure 26–27, the timely variation is far too large in relation to batch length. This
excess timely variation causes excess stocking due to in-hand production.
The streamlining conducted in order to maximize product flow output with
minimum input according to productivity improvement. The operational
operating factors quantify the performance, according to this defined operational
target. The linear goal programmed scheduling generates the most detailed
production planning and enables control over the shop floor according to the
Figure 2.
3.2.3 How to formulate this operational target for scheduling
The operational target for this scheduling is formulated by the means of linear
goal programming (Bendat & Piersol 1980, Conover 1971, Grönroos 2003,
Harvey 1993, Ijiri 1965, Johnson & Montgomery 1974, Lee & Moore 1974,
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Levine et al. 1995, Nahmias 2001, Priestley 1981, Rushton et al. 2000). The
principle for synchronization, streamlining and goal programmed operational
control is presented in Figure 28.

Fig. 28. The principle of synchronization, streamlining and goal programming.

The illustrated principle has congruence between the product flow presented in
Figure 10 and between the operational flow rate definition in the Figure 25. This
linear goal programming is analogous to mixed linear programming (Bendat &
Piersol 1980, Conover 1971, Grönroos 2003, Harvey 1993, Heizer & Render
2001, Hillier & Lieberman 2001, Ijiri 1965, Johnson & Montgomery 1974, Lee &
Moore 1974, Levine et al. 1995, Nahmias 2001, Priestley 1981, Rushton et al.
2000) and valid for exact open flow-shop or open job-shop scheduling (Heinonen
2007). This linear goal programming provides an effective way of dealing
problems where management wishes to strive toward several goals
simultaneously according to Hillier & Lieberman (2001: 340).
The operational operating factor’s correlation coefficients formularize this
linear operational objective function, according to Grönroos (2003). This
operational objective function rates the best schedule for the current operational
moment. In the context of dispatching rules according to Mahoney (1997: 80) and
Tersine (1985: 561) in the Figure 12 the EMMDDIO works as follows in Figure
29.
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Fig. 29. The EMMDDIO contribution into operational scheduling.

To program linear operational objective function (Grönroos 2003) as the
operational target, the operational operating factors correlation coefficients are
calculated in relation to the production according to the first theorem. According
to the second theorem, the inventory level and the timely accuracy correlation
with the production should not exist. According to the third theorem, the
inventory level correlation with the production is negative if it does exist.
According to the fourth theorem the inventory level and the timely accuracy
correlation is negative. Therefore, the inventory level and the timely inaccuracy
correlation would be positive.
The correlation coefficients of the operational level operating factors
formularize a linear target for linear goal programmed scheduling (Grönroos
2003). The optimization is minimization of the formulated operational objective
function according to Hillier & Lieberman (2001). No demand is any order
backlog, production and work-in-process inventory, according to Tersine (1985:
475–476) and productivity. No demand means perfect timely accuracy within
allocated period, according to productivity definition by Kurosawa (1991: 44) and
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capacity limitations, according to Tersine (1985: 476). These correlation
coefficients are programmed into the operational objective function as follows in
equation 2:
Minimize f(T, I) = T*X − I*Y,
where

(2)

T = the timely inaccuracy
X = correlation coefficient of the timely inaccuracy and the
production
I = the inventory level
Y= correlation coefficient of the inventory level and the production

subject to
T ≥ 0, X ≥ 0, I ≥ 0, Y ≤ 0.
This negative inventory level correlation in the equation 2 is due to targeted
synchronization. If the inventory level and the timely accuracy correlation with
the production exist, the effect multiplies in the linear operational objective
function. The inventory level correlation is negative by default and according to
fourth theorem. The timely accuracy is counted as an inaccuracy to equalize the
inventory level and the timely accuracy workings against the production. This
logarithmic effect in scheduling forces the system back into the optimum,
similarly to Taguchi’s loss function (see e.g. Barker 1989, Bryne & Taguchi 1989,
Logothesis 1992: 299, Manton 1989 and Taguchi 1986).
This non-existent correlation is the intended operational optimum and the
operational concern is then a timely production, according to fourth theorem.
When this minimum as streamlined and synchronized demand driven operations
phase is reached, it is time to shorten lead time and advance the OPP upstream the
product flow, according to stages of this EMMDDIO in the Figure 21.
This EMMDDIO’s operational target is relevant until the optimum is reached,
the machinery develops or operations planning method changes. This kind of
cyclical operational target definition is also constructed by Sumanth (1998),
Santos et al. (2002) and Gold (1955), in their comparable research.
3.2.4 How to organize a decision support system
The Decision Support System is engineered to include these operating factors, if
missing and into the operating factors exactness needed, and to include these
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means of this EMMDDIO. To manage operations with this Decision Support
System, the inventory level and the timely accuracy are submitted into control
periods, according to deviation length, for managerial actions and for follow-up.
This separation is made for simplicity and operations development towards the
operational period deviation and further, towards the exact and operational, linear
goal programmed target. The operations situation report for remedial actions is
statistically illustrated in relation to the defined operational target in the current
Decision Support System, engineered along this EMMDDIO.
In the Figure 23 the operating factor’s deviation within synchronized lot size
length is operational variation and signifies operational control. The operating
factor’s deviation outside lot size length and within operational planning period is
tactical variation and signifies tactical control. Longer operating factor’s deviation
announces strategic manoeuvres. This principle of operations performance
targeting towards the operational target is presented in a timeline in Figure 30.

Fig. 30. Operational performance targeting.

The product flow diagnostics is made during a stable period for operating factors
to remain statistically stationary and to exclude undefined disturbing factors. This
performance targeting is based on reported and recorded operating factor’s data.
The operational operating factors’ targets are towards the streamlined
operational target. This product flow diagnostics follows through the inventory
level correlation and the timely accuracy correlation coefficients with the
production. This product flow diagnostics is continuous and dynamic, and affects
through the linear goal programming in scheduling, according to the Figure 28.
This iterative, continuous and dynamical targeting in the Figure 30 and those
cyclical stages in the Figure 21 have analogy to management system modelling by
Kurstedt (Jones et al. 1986, Kurstedt et al. 1988, Peterson 1986, Sink & Tuttle
1989: 152–153). To conclude the EMMDDIO, this DSS along this method is
made most simple for managerial sensitivity for remedial managerial actions and
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for tactical planning to manage current operations development towards the
streamlined operational optimum.
3.3

This study industrial scope

control

target

The constructed method is validated in practice by different case studies. The
purpose of the case studies, aligned according to the decision-making levels, is
presented in Figure 31.

Fig. 31. Case studies purpose according to decision-making levels.

Each case has a different purpose, varying in extent from a detailed shop floor
analysis to an analysis of an entire supply chain. The purpose of the case studies
in supply chain is presented in Figure 32.

Fig. 32. Case studies purpose in supply chain.

Steel and paper industries bridge crude materials through site operations into
consolidated delivery. Electronics industry bridges production from site assembly
into global subcontracting through hub. The purpose of the case studies within
supply chain development stages is presented in Figure 33.
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Fig. 33. Case studies purpose within supply chain development.

Consolidated delivery and centralized order allocation through hub are
characteristic to the examined development stages of the supply chains. Cases A–
C have constrained capacity contrary to cases D–F. In the cases D–F the resources
are adjusted by subcontracting.
3.4

The industry settings

The industrial goals for the examined steel industries of the cases A and B are to
synchronize sequential stages of operations and to lower the inventory levels, as
proposed by Bowersox et al. (2002), Schmenner & Swink (1998) and Forrester
(1961). Due to advanced product technology, significant capital investments and a
small number of competitors, the entrance and exit barriers are high in steel
industry (Porter 1980 and 1998). In surplus markets the competitive strategy is
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cost leadership with differentiated products according to Ansoff (1984), Hamel &
Prahalad (1994), Johnson & Scholes (2002), Mintzbeg et al. (1998) and Porter
(1980, 1998).
As discussed by Lehtonen (1999), Meinander (2005), Särkikoski & Mäkinen
(2005), the examined paper industry in case C is analogous to steel industry. The
integration of technology is more advanced in paper industry, but the competitive
strategy, the planning periods and methods are approximately similar. The
examination of case C is covered contextually because of industrial actions.
The examined basic operations in the electronics industry in case E are
analogous to the operations of steel industry, but barriers in industry are low. The
competitive strategy in the surplus markets is similar to cases A–C. The exit
barrier is low in case E, thus enabling withdrawal with deliberate sacrifice.
The entrance barrier in the examined electronics industries of cases D and F
are high and driven by product technology (Neuvo & Pelkonen 2005, Veteläsuo &
Nordman 2005). The exit barrier in the industry is low and the production
technology is advanced. The development of the examined consumer electronics
products is fast whereupon the production technology becomes obsolete (Neuvo
& Pelkonen 2005). The typical product strategy for the examined industry is to
cream off at an early stage of production. (Ansoff 1984, Hamel & Prahalad 1994,
Johnson & Scholes 2002, Mintzbeg et al.1998, Porter 1980, 1998.)
The cases A–C describe local site operations. The cases D and E are most
upstream the supply chain, and introduce the Assembly-To-order and the Pick-ToOrder methods for the study as presented by Sharman (1984). Case F is an
extension downward supply chain, towards the actual demand (Hoover et al.
2001). Case F extends the study scope into deliveries from regional retailer
inventory to retail shop. (Figure 32–33.)
In the cases D and F, the examined operations in the electronics industry, are
global and the distribution is international. The products are designed for global
industrial operations and packed for international logistics. The operations
management is centralized to allocate demand and supply effectively (Hoover et
al. 2001). (Ansoff 1984, Hamel & Prahalad 1994, Johnson & Scholes 2002,
Mintzbeg et al.1998, Porter 1980, 1998.)
According to Hamel & Prahalad (1994) the industrial strategy is not a
reengineering process but reengineering industry. To learn more about industrial
constraint is the first step toward reengineering industries. Industries have analogy.
The production technology development in the examined industries is geared
towards integration to decrease unit costs and advance benefits due to mass
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production. The production technology development at the site is towards cost
effective continuous flow technology. This internal and local development seems
rational (Womack et al. 1990, Womack and Jones 1996).
Product development, logistics, subcontracting and supply chain in the form
of collaboration, cooperation and ever changing relationships in a supply network,
set the constraints for integration (Womack et al. 1990, Womack and Jones 1996).
Simpler and cheaper constructions with high flexibility in operations and
maintenance are expected of the production technology. (Naruse 2003.)
The flat steel products in cases A and B are engineered to order, manufactured
as a batch production in the job-shop or flow-shop operations. Case A is typical of
job-shop operations with a few dominant paths. Case B has more dedicated routes
than case A. Thus, the operations in case B are closer to flow-shop. (Meredith &
Shafer 2001: 139.)
Electronics industry is a typical batch production in flow-shop operations
(Meredith & Shafer 2001: 139). The lot size concerning valuable products,
especially in case D, is minimized and mass customization with Lean philosophy
rules. (Krajewski & Ritzman 2002.) The overall target for the examined industries
is a synchronization of the sequential operations with Make-To-Order method
(Bowersox et al. 2002, Sharman 1984).
All the cases are examples of batch production in a flow-shop or in job-shop
operations. Local integrated operations develop towards flow-shop operations but
a supply chain is a job-shop problem, excluding fixed flow-shop operations in a
single sourced supply chain.
3.5

Case A operations

In case A the continuous planning is periodical, 12 months in to the future. The
master planning is done on a monthly basis. The period for production planning is
a calendar week. Production planning takes place daily and is based on the
operational situation and the master plan.
Demand is allocated manually into the mill orders. Lack of demand is
managed within lead time by internal mill orders. The smallest mill order size is a
parcel. Internal mill orders are finished with normal production and these orders
are sold during operations or finished into the sales stock. The last operation at
the site is to pick up parcels for customer delivery.
The case A scheduling is goal programmed and computerized. The algorithm
is stochastic and the optimal master plan is defined by the static linear objective
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function. The work-in-process inventory, the timely accuracy and the balance of
used parallel capacity are all taken into account in this objective function. The
balance among the factors is set manually by the user. The user defines the
relative weights for each operating factor according to the operational situation.
The products in case A have a default route through operations and their
alternative routes are based on restrictions set by facility and quality requirements.
The routing in case A is optionally computerized. This goal programmed
scheduling proposes an optional routing for the user, according to the restrictions.
The control of accuracy is implemented during the course of this study. The
final stage of operations is the examined control point. The implemented accuracy
control can be divided to all stages of operations, and each and every production
line, production run, and production task. The earlier method measured only the
quantity of delayed production in the last stage of operations.
The production flow in case A is sketched in Appendix 1. The main route
branches after hot rolling and cooling. The route continues either through the
RAP (Rolling, Annealing and Pickling) operation or through more conventional
and separate operations. Currently, some ten percent of material is routed into
conventional cold rolling after the first RAP operation. This cross route does not
have a significant effect on the inventory levels and it is ignored for simplicity.
The RAP stage of operations is the most modern technology in industry
(Särkikoski & Mäkinen 2005). In the RAP operations, the conventional annealing,
pickling, rolling, temper rolling, skin pass rolling and tension levelling operations
are integrated in a single line. This is a good example of technological integration
towards continuous flow technology. The stages of production by the product
groups are presented in Figure 34.
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Fig. 34. Case A, stages of production by product groups.

The products are grouped according to the main stages of operations and
classified by the internationally standardized EN product conditions.
3.5.1 The operating factor analysis
At first, the inventory fluctuations are analyzed with the demand, to find out the
Forrester effect. Secondly, the changes in the order backlog, the timely accuracy
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and the production are analysed. The purpose is to determine those operating
factors that respond to changes in the demand and to calculate whether the
operating factors correspond to the planning principles. The data for the operating
factors is rounded to the nearest tonnage because the sales figures are shown in
tonnage.
The demand, the production and the order backlog are defined by examining
the amount of orders registered each day. The periodical demand is the
cumulative amount of registered orders within a period. Some missing values are
replaced with average values or with a cumulative linear average of the entries
before and after the missing period. In this context, the operating factors are
continuous.
The review time of inventories is periodic and reported daily. Because of
faults in the information system the entries are reported inconsistently. The
missing registration is replaced with the average value or with a cumulative linear
average of the entries before and after the missing period. The periodical entry is
the maximum entry of the period. The maximum entry method in the inventory
data revision is selected because of slow changes in the inventory levels. The
inventory, as operating factor, is continuous in this context.
The timely accuracy is measured by comparing the scheduled finishing dates
to the actual cutting dates of packets. A packet is the smallest entity of the
operated tasks. The scheduled finishing date is the time when the customer order
should be ready for delivery. The day of cutting is when a packet is cut for the
customer from the batch. Cutting is the last stage of operations before packing,
pick up and delivery.
The main hypothesis is that the timely accuracy is normally distributed. The
timely accuracy histogram with a normal distribution curve of the cutting stage of
operation is presented in Figure 35.
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Fig. 35. Case A, finishing accuracy with normal curve.

The data consists of 1 116 976 packets and is trimmed by one percent. Both
extremes over 100 and below −100 days are excluded. The distribution is
normally deviated. Skewness −0.4 indicates that the deviation is symmetric and
the Kurtosis 3.7 indicates that the observations are more clustered and have
longer tails than those in the normal distribution.
The delay is estimated by the normal cumulative distribution of tasks and
proportioned to period production (Wild & Seber 2000: 40–42). In this context
the timely accuracy, as an operating factor, is continuous.
Years are equalized into 52 weeks by the maximum value or cumulative sum
of registrations of the 52nd and 53rd weeks. The analyzed period is seven years.
The production has increased significantly during the last two years. The stable
and the ramp-up periods are examined separately when necessary. The sequential
order of the analyzed work-in-process inventories is presented in Figure 36.
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Fig. 36. Case A, sequence of inventories.

According to second theorem, sequential inventories in the demand driven
operations do not correlate at all, or correlate slightly negatively with demand,
order backlog and production. The correlation coefficients between the
inventories and the demand before ramp-up are presented in Table 3.
Table 3. Case A, correlation between inventories and demand (weekly).
Correlation

Melting

coefficient
Melting

Hot

Cold

rolling

rolling

Work-in- Distribution Sales
process

stock

Product
stock

Stocks Demand
total

1.0

Hot rolling

0.4

1.0

Cold rolling

−0.2

0.1

1.0

0.3

0.5

0.8

1.0

Distribution

−0.4

0.1

0.3

0.2

1.0

Sales stock

0.3

−0.1

0.0

0.1

−0.5

1.0

−0.1

0.0

0.3

0.2

0.3

0.7

Stocks total

0.1

0.3

0.8

0.8

0.3

0.4

0.7

1.0

Demand

0.1

−0.1

−0.1

−0.1

−0.1

0.1

0.0

0.0

Work-in-process

Product stock

1.0
1.0

The inventories total or the sequential inventories (melting, hot rolling, cold
rolling or product stock total) do not correlate with the demand or with each other.
However, the parallel inventories, distribution and sales stock, do correlate with
each other which is normal.
This data length and exactness enables more specific spectral analysis. The
annual logarithmic spectral densities of the demand and the stocks total, before
ramp-up are presented in the Figure 37. Spectral analysis is concluded weekly by
logarithmic annual change with five week triangular weighting. Spectral
bandwidth is due to monthly planning periods. The bandwidth for the analysis is
52 weeks and is selected in order to find out the annual fluctuations.
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Fig. 37. Case A, annual coherency of demand and inventory.

The demand and the inventory fluctuation do not correlate. This spectral analysis
confirms also a random inventory fluctuation annually. There is some annual
regularity in the demand.
According to the correlation analysis in Table 3 and spectral analysis, the
Forrester effect does not exist. The regression analysis of the operating factors:
the inventories, the production, the order backlog, the timely accuracy and the
demand, are presented in Table 4.
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Table 4. Case A, the operating factors regression analysis weekly.
Correlation

Work-in-

Product

Stocks

coefficient

process

stock

total

Production

Order

Timely

backlog

accuracy

Work-in-process

1.0

Product stock

0.3

Stocks total

0.8

0.7

1.0

Production

−0.2

0.0

−0.1

1.0

Order backlog

−0.2

−0.1

−0.2

0.3

1.0

Timely accuracy

−0.1

−0.1

−0.1

0.5

0.2

1.0

Demand

−0.2

0.0

−0.2

0.2

0.1

0.0

Demand

1.0

1.0

The operating factors are somewhat regressive to one another. A noteworthy
positive correlation exists between production and the timely accuracy. However,
the correlation with the production and the order backlog hardly exists. The
coherency, according to first theorem, does not exist.
These correlations indicate a problem in the timely production. The spectral
analysis with coherence of the annual production and the order backlog before
ramp-up, is presented in Figure 38.

112

Spectral Density of Production

Spectral Density of Orders

coherence

Power
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Frequency from 0 to PI

Fig. 38. Case A, annual production and order backlog correlation.

The actual production does not follow the plan coherently. This timely inaccurate
production causes a build-up of excess stock, according to fourth theorem. The
incoherency between the production and the plan is presented more detail in
Figure 39.
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Fig. 39. Case A, coherency of the annual production and order backlog.

There exists some fading between the actual production and the order backlog
during a period of one month. The demand planning period is a month,
whereupon fading occurs within the demand planning period.
The positive correlation of the timely accuracy and the production in the
Table 4 and the incoherency between the production and the production plan,
confirm that operations do not work on time. Due to a sustained oscillation in the
Figure 39, the capacity planning works properly as a whole, in a longer demand
planning period. According to the EMMDDIO, this is a tactical problem.
The inventories fluctuate randomly and the operations are not under timely
control. The random inventory fluctuation is caused by the timely inaccurate
operations. Inventory should react conversely with production, according to
second theorem.
A spectral analysis of the production and the timely accuracy with a
coherence line and four week Parzen weighting before ramp-up, is presented in
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Figure 40. Parzen weighting is selected because of a normally fragmented
hypothesis of the accuracy deviation.
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Fig. 40. Case A, annual production and timely accuracy correlation.

Timely production is clearly a problem in case A. The correlation between the
production and the timely accuracy is coherent and positive. Some correlation
exists in the next and previous periods. Logically, the timely accuracy seems to
precede the production. The problem accumulates and seems systematic. The
incoherency of the production and the timely accuracy is presented more detail in
Figure 41.
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Fig. 41. Case A, coherency of the annual production and timely accuracy.

Some fading exist between the production and the timely accuracy during a
period of one month. As explained earlier, the problem is not in sufficient capacity,
but in timely usage of resources.
According to second theorem this one month’s lag is caused by demand
planning period length. According to first theorem, this increased demand has
increased the lead time and caused a revision in delay in the next planning period.
What is noteworthy, strategically, this system does work adequately and
according to the demand driven operations and according to theory concluded in
the Sub-Chapter 2.1.6.
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3.5.2 Time-series analysis
The demand is independent for the system and out of managerial control. To
understand the current markets, the nature of the demand is illustrated first. Next
examined is the operating factor’s response to the seasonality in the demand.
The seasonality analysis is carried out on a monthly basis and described
graphically. The monthly based analysis is due to a monthly demand planning
period. The annual time series of the demand is presented in Figure 42.
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Fig. 42. Case A, annual demand fluctuation.

There are two seasonal trends in demand. There is an evident valley from July to
August which turns into a peak towards the turn of the year. The seasonal
fluctuation is most probably caused by the holiday seasons. The customers place
orders in advance or right after the holidays. This monthly data is too short and
sparse for the more detail, spectral analysis.
According to all three theorems the timely accuracy does not follow the
demand. The other operating factors may have some correlation. The timely
accuracy is thus the best operating factor to start with. The annual time series of
the timely inaccuracy is presented in Figure 43.
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Fig. 43. Case A, annual timely inaccuracy fluctuation.

In the annual timely inaccuracy fluctuation, there are some seasonal peaks in the
summer and an increasing trend towards the end of the year. According to the
fourth theorem, the timely accuracy fluctuation is regular and the production is
adjusted according to the predicted demand fluctuation. The annual time series of
the production is presented in Figure 44.
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Fig. 44. Case A, annual production fluctuation.

The annual production seems regular and the production valley is adjusted in
relation to the demand valley in the Figure 42. The production is registered on a
daily basis. A more sensitive analysis of the regularity is illustrated in a weekly
spectral analysis of the annual production without smoothing in Figure 45.
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Fig. 45. Case A, spectral analysis of the production weekly.

The regularity of the production is good. These operations offer a good
predictable background for successful production planning. The annual time
series of the order backlog is presented in Figure 46.
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Fig. 46. Case A, annual order backlog fluctuation.

The order backlog does follow the production, but roughly. Longer annual
maintenance breaks, evident in Figure 44, are allocated near the annual demand
valley presented in Figure 42. This is logical and reasonable.
There are still a lot of orders allocated in month eight but the annual
production during the month eight is minor. This kind of order allocation causes
surely some timely inaccuracy but does not explain the increasing inaccuracy
towards the year end.
The fall in the first year’s first two months is due to shortage in the order
backlog data. Concerning this analysis and the order backlog, this data shortage
does not have an effect on the results. The annual time series of the inventory is
presented in Figure 47.

121

2

3

4

5

tonnages

1

1

2

3

4

5

6

7

8

9

10

11

12

month

Fig. 47. Case A, annual inventory fluctuation.

This figure concludes this seasonality analysis. The annual production ramp-down
does not have a noteworthy effect on the inventory level. Based on the Figure 38–
43, there is a lot of in-hand production. The annual in-hand production increases
with the timely inaccuracy and the production towards the year end.
The logical explanation is that the timely inaccuracy is caused by problems in
start-up and order reallocation due to start-up problems. This is not the answer in
this case. The increase in timely inaccuracy in the Figure 43 is caused by the
timely inaccurate production. Also the doubt of the possible overbooking is
reversed in the previous chapter. The production planning, in the form of order
booking and reallocation, does work fine and according to the demand driven
operations.
The annual demand is regular. A seasonal valley exists in the order backlog
and the production and the timely inaccuracy increase substantially towards the
end of the year. There is a seasonal valley in the demand, but not in the inventory.
To eliminate this excess stocking and the postponement, evident by the Figure
42–47, the production needs to be synchronized as coherent as possible to the
predicted demand. The production is the most regular operating factor but does
not work in time, according to the order backlog and the demand.
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3.5.3 Current operational flow rate
The technologically necessary stocks are presented in days in the case A
production flowchart in Figure 1, Appendix 1. These illustrated operations run
time lengths vary from ten minutes to hours and these product flow’s run times
length totally are in aggregate one percent of the product flow’s lead time exworks. The operational planning in case A is daily basis.
In this case A, it is the idle time in delay, in the form of synchronized safety
stock, which is prioritized in the operational flow rate definition. The operation
run times along the examined product route are summarized and the total is
rounded up to the daily accuracy and added in the each product flow’s lead time.
The constraining delay length is a day. To define this case A’s operational
flow rate, the synchronized safety stocks as delays between sequential operations
are synchronized to the duration of one day.
The production batch in case A is a calendar week. In practise, the mill orders
are allocated into a production batch and combined together again as a customer
delivery right after packing operations. The average order allocation and the
average delivery planning lead time length are synchronized equal to the batch
length. The production begins and finishes during a batch length.
Respectively, the average batching and distribution lead time for the product
cover a half of the batch length. Batch production prolongs the product’s lead
time, in total, by the length of a batch. Because of the production deviation,
according to batch length is a calendar week, the estimated lead times ex-works
are rounded up to the nearest half week time scale.
3.5.4 Current inventory levels and actual lead times
In the case A production flowchart (Figure 1, Appendix 1) the route into hot rolled
stock includes a delay, a stock and two operations. By cold rolling stage of
operations the lead time is ten days, which, when rounded up, is a total of one and
a half weeks.
The route into dispatching requires an extra day. The route is similar in length
through integrated RAP operations and through a more conditional multi-phased
route. The lead time into the 1D condition is eleven days. When rounded up, the
operations’ lead time at the dispatched product stage is two weeks.
The lead time up to dispatching, through RAP operations and a cold rolled
product condition (2D, 2B or 2H) is four and a half days. The inventory between
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sequential RAP operations requires three days to charge and four days to
discharge. The average delay in the intermediate inventory is three and a half days.
The total lead time up to the cold rolled product 2B is fifteen and a half days in
total. Therefore, to round up, the operations’ lead time into a dispatched cold
rolled product through RAP operations is two and a half weeks.
The conventional multi-phased operations require ideally three extra days to
reach the product condition 2D and four extra days to meet the product conditions
2B or 2H, which are related to RAP operations. In practice, the conventional route
requires approximately one extra week to meet the estimated lead time. The
operations’ lead time total up to product 2B, is eighteen days. The operations’ lead
time up to the dispatched products 2D, 2B, and 2H through the conventional
multi-phased operations, is rounded up to three weeks.
The product conditions 2G and 2J are special. The volume of product
condition 2G is low and it is produced in campaigns. The product condition 2J is
in the development stage. The operations in special conditions requires
approximately an extra week on top of the estimated lead time. This operations’
lead time into the dispatched product conditions of 2G or 2J is rounded up to four
weeks.
A dispatched product is distributed as such, cut in a mill or transported into a
service center for finishing. The transportation into service center takes a week.
The cutting in a mill or in a service center requires an extra week in the lead time.
3.5.5 Current timely accuracy
The batch size is a week during the examined period and therefore the mean 2.8
of timely accuracy is excellent. The standard deviation 15 indicates a four-week
dispersion. The deviation is far too great when proportioned to one week’s batch
size.
Detailed monthly statistics are presented in Appendix 2. There is variation in
the mean and sharpness figures but the distribution figures stays normal. The fall
in third day is caused by the default production time given by the sales planning
system. A closer examination is presented in Table 5.
Table 5. Case A, planned weekdays for production.
Weekday
Orders
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Monday
6 134

Tuesday
5 528

Wednesday Thursday
394 950

13 939

Friday
5 251

Saturday
5 807

Sunday
5 393

The most common order allocation day is Wednesday. The order allocation
system forces operating factors fidelity into calendar week. This is a shortcoming
caused by batch production and the sales planning system. A monthly distribution
of the allocated orders is presented in Figure 48.
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Fig. 48. Case A, monthly distribution of planned orders.

The monthly distribution of planned orders is horizontal. Table 6 demonstrates
whether or not the number of process stages has an effect on the accuracy of the
main product’s conditions.
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Table 6. Case A, annual timely accuracy statistics.
Product condition
1

2

Year

Average (days in hand)

Standard deviation (days)

Accuracy (%)

1

7.4

12.8

72

2

3.7

12.9

61

3

−2.8

17.9

44

4

4.9

14.9

63

1

5.6

12.0

68

2

3.5

10.5

63

3

0.4

16.2

51

4

3.6

13.1

61

The condition 2 has more stages of operations and thus its accuracy should be
worse. The accuracies of product conditions are roughly equal. With the current
inventory levels the cumulating inaccuracy does not exist. There is a fixed
variation in the range of delays.
3.5.6 The operational operating factor analysis
For reference value for the method validation, the actual weekly average of the
work-in-process inventory including the distribution and sales stocks of the first
five years is 70 kt. The distribution and sales stock are included in the work-inprocess inventory because of the Make-To-Order method and the batch
production.
The actual inventory turnover is seven with annual production 520 kt. The
average inventory and the annual production are estimated from the conventional
route before the new melting operations started.
In this further examination, the special product conditions of 2G and 2J are
included in the 2B production route. The annual production through RAP
operations is 690 kt cold rolled products (2D, 2B, 2H). The conventional route
annual production is 180 kt hot rolled products (1D) with 380 kt cold rolled
products 2D, 2B, and 2H. The total annual production is 1250 kt. The
conventional route products are cut in a mill from where 180 kt of cold rolled
products are transported to and cut in service center.
The target inventory turnover through the conventional route of 1D product to
distribution ex-works is 52 weeks per three weeks targeted lead time, equal to 17.
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The target for the work-in-process is thus 180 kt per the inventory turnover of 17,
equal to 11 kt.
The target inventory turnover through the conventional route of cold rolled
products to distribution ex-works is 52 weeks per four weeks targeted lead time,
equal to 13. The target for the work-in-process is thus 200 kt per the inventory
turnover 13, equal to 15 kt.
The target inventory turnover through conventional route of cold rolled
products to distribution from the service center is 52 weeks per five weeks
targeted lead time, equal to 10. The target for the work-in-process is thus 180 kt
per the inventory turnover 10, equal to 18 kt.
The target inventory turnover through RAP route to dispatching is 52 weeks
per two weeks targeted lead time, equal to 26. The target for the work-in-process
is thus 690 kt per the inventory turnover of 26, equal to 27 kt.
The target for the work-in-process inventory is 27 plus 11 plus 15 plus 18,
equal to 71 kt. The target level is 44 kt by the conventional route and 27 kt by
route through RAP operations. The decrease in the conventional route is 26 kt
from the referenced actual level of 70 kt. The estimated target and the follow-up
are presented in Figure 49.
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Fig. 49. Case A, inventory turnover.
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The estimated target level is the optimal inventory turnover for continuous
operations. This target is needed because too fast work-in-process turnover causes
shortages, as well as production loss.
The operational target had been missing before this study started. For some
reason, the operational target for the inventory turnover has not been reached. The
stockout has taken place too early. As concluded in the operating factor analysis
earlier, these inventories fluctuate randomly and the operations are not under
timely control. The random inventory fluctuation is caused by timely inaccurate
operations. Inventory should react conversely with production, according to
second theorem. The cause for this random fluctuation is timely inaccurate
production.
The actual turnover for the work-in-process inventory with the actual
operations’ timely accuracy is presented in Figure 50. The accuracy has been
divided by ten to reach a same range of fluctuation with the inventory turnover.
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Fig. 50. Case A, production accuracy with the inventory turnover.

Year 2 has been the best, when measured with the inventory turnover and absolute
timely accuracy in percentages per ten. The inventory turnover seems to correlate
with the timely accuracy but with a few months’ lag. A spectral density with more
precise data is made in order to define the correlation coherency. A spectral
analysis of the work-in-process inventory based on production weeks and the
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relational timely accuracy with coherency before ramp-up is presented in Figure
51. The used weighting is a six-week Tukey’s method, chosen because of
continuous operating factors and a normally distributed timely accuracy. The
received smoothing form is the closest to reality.
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Fig. 51. Case A, annual work-in-process inventory and timely accuracy correlation.

There is no seasonality in the inventory or in the timely accuracy. Coherency
exists in the periods of three months, seven months and a year. Further
conclusions are not possible to draw from this information. A more detailed
annual coherency of the work-in-process and the timely accuracy is presented in
Figure 52.
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Fig. 52. Case A, annual work-in-process inventory and timely accuracy coherency.

The timely accuracy follows the changes in the work-in-process but with a lag of
two to three months. The examination confirms the earlier assumption on too
great inventory levels.
Fluctuation is natural for the current production method, but the permitted lag
should not exceed the demand planning period. The demand planning period in
case A is a month. In the above figure, the lag is approximately three months. This
lag and the coherency serve to explain the quarterly delayed correlation.
3.5.7 Operational target and operating factor deviations
There are seasonal valleys in the demand due to the customer’s holidays in the
summer (Figure 42). The timely inaccuracy increases towards the end of the year
(Figure 43). Seasonal valleys in the production exist in the autumn (Figure 44).
The production valley is due to the annual maintenance break. The annual
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production seems regular and the production valley is adjusted in relation to the
demand valley.
The order backlog (Figure 46.) does follow the production, but roughly.
Longer annual maintenance breaks, evident in Figure 44, are allocated near the
annual demand valley presented in Figure 42. This is logical and reasonable, but
there are still a lot of orders allocated in the maintenance period. This kind of
order allocation causes surely some delays but does not explain the increasing
timely inaccuracy towards the year end.
The logical explanation is that the timely inaccuracy increase is caused by
problems in start-up and order reallocation, due to start-up problems. This is not
the answer in this case. The increase in timely inaccuracy in the Figure 43 is
caused by the timely inaccurate production. Also the doubt of the possible
overbooking is reversed in the previous chapter. The production planning, in the
form of order booking and reallocation, does work fine and according to the
demand driven operations.
The annual maintenance break does not have a noteworthy effect on the
inventory level. Based on the Figure 38–43, 47, 49–52 there is a lot of in-hand
production. The annual in-hand production increases with the timely inaccuracy
and with the production, towards the year end.
According to seasonality analysis, in the Sub-Chapter 3.5.2, the annual
demand is regular. A seasonal valley exists in the order backlog and the
production and the timely inaccuracy increase substantially towards the end of the
year. There is a seasonal valley in the demand, but not in the inventory. To
eliminate this excess stocking and this postponement, the production needs to be
synchronized as coherent as possible to the predicted demand. The production is
the most regular operating factor but does not work in time, according to the order
backlog and the demand.
The inventories total or the sequential inventories (melting, hot rolling, cold
rolling or product stock total) do not correlate with the demand or with each other.
The parallel inventories, distribution and sales stock, do correlate with each other
which is normal (Table 3).
According to the rgeression analysis and spectral density in the Sub-Chapter
3.5.1 the Forrester effect does not exist (Table 3 and Figure 37). The inventories
fluctuate randomly.
The number of sequential stages of operations does not have a cumulative
effect on the timely accuracy (Table 6). According to Sub-Chapter 3.5.5 the
timely accuracies of the products, along different routes in length, are roughly
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equal. With the current inventory levels the sequential operations timely accuracy
fluctuation is random.
To conclude, the random inventory fluctuation is caused by the timely
inaccurate operations. The inventory should react conversely with production,
according to second theorem. The actual production does not follow the plan
coherently in the Figure 38. The inaccurate operations and production planning,
cause excess stocking because of in-hand production.
The incoherency between the production and the plan is visible in the Figure
39. There exists some fading between the actual production and the order backlog
during a period of one month. The demand planning period is a month,
whereupon fading occurs within the planning period. As a whole, the production
in case A follows the allocated order backlog (Figure 38 and 39).
The positive correlation of the timely accuracy and the production in the
Table 4 and the incoherency between the production and the production plan
confirm that operations do not work on time. Due to a sustained oscillation in the
Figure 39, the capacity planning works properly as a whole, in a longer demand
planning period. According to the EMMDDIO, this incoherency is a tactical
problem.
According to the Figure 40, timely production is clearly a problem in this
case. The correlation between the production and the timely accuracy is coherent
and positive. Some correlation exists in the next and previous periods. Logically,
the timely inaccuracy seems to precede the production. The problem of timely
production accumulates and seems systematic.
In the Figure 41 some fading exist between the production and the timely
accuracy during a period of one month. As has been explained earlier, the
problem is not in sufficient capacity but in timely usage of resources. The demand
planning period is a month, whereupon fading occurs within the planning period.
According to the EMMDDIO, this timely inaccuracy is a tactical problem.
According to second theorem this one month’s lag in the Figure 41 is caused
by demand planning period length. According to first theorem, this increased
demand has increased the lead time and caused a revision in timely accuracy in
the next planning period. What is noteworthy, strategically this system seems to
work fine and according to demand driven operations and according to theory in
the Sub-Chapter 2.1.6.
Because of poor timely accuracy, evident in the Figure 35, 40–41, 43, 47, 49–
52 and Appendix 2, there is a month’s extra material as a work-in-process
inventory. A decrease of 26 kt in the inventory increases the financial profit by 5.2
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million EUR when the margin is 20 cent per kilogram. With a price of 2 EUR, the
inventory decrease is 52 million gains in sales.
With a 25 percent return on the working capital the inventory decrease saves
13 million in the annual capital costs. Competitiveness is also increased by the
expected improvement in quality, shortened lead time, responsiveness and
increasing liquidity.
The correlation coefficients in the Table 4 are from first five year period. The
annual operating factors correlation coefficients with the production weekly,
during this first five year period are illustrated in the Figure 53. The annual
regression in each week in the figure is calculated from last 52 week period.
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Fig. 53. Case A, the operational operating factor’s regression with the production.

The correlation coefficients in the Table 4 are practicable for this case operational
target formulation. These correlation coefficients are programmed into the
operational objective function as follows in equation 3.
Minimize f (T, I) = T*0.5 + I*0.2,
where

(3)

T = the timely inaccuracy as tonnages
I = the amount of work in process inventory in tonnages.

Because the timely accuracy is evaluated as timely inaccurate tonnages the both
operating factors have negative effect on the index. To illustrate this objective
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function, this index is calculated by the weekly timely inaccuracy and by the
weekly work in process inventory for the year five period. This index is illustrated
in Figure 54 with the timely inaccuracy and with the work in process inventory.
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Fig. 54. Case A, linear goal behaviour according to the timely inaccuracy and the
work-in-process inventory fluctuation.

This illustration is a simulation and does not describe this function performance in
practice. Further conclusions about the practicality are hypothetical. This
operational target function does work as expected.
To formulate this function fully dynamic and operational, these operations
need to be scheduled according to this target function. This improved operational
situation due this improved scheduling does reflect into correlation coefficients
and in the current timely accuracy and in the current inventory. This kind of
scheduling method implementation and this kind of dynamic feedback have not
been tested in practice in this study.
This core managerial target development is the explicit problem. This
operational target development was the kick-off for this study.
The reliability of this method as acid test and the validation of this method
and as weak market test were made along this first case study. The operational
linear, but yet a static, target for scheduling is goal programmed into the case A
production planning software. This goal programmed scheduling algorithm
development for this case has been made in the PROPOS – Applying
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Optimization Methods for Production Planning in Steel and Electronics
Manufacturing – project in the Adaptive and intelligent systems applications
Technology Programme (Bonissone & Sarparanta 2000: 16).
This performance measurement and reporting is implemented to the
appropriate end into the case A management information system. The way the
demand is measured is implemented all the way to the corporate level as such.
This performance measurement development started in the INTEGRA – Tornion
jaloterästuotannon
tuotantoketjun
integraation
hyödyntäminen
toimitusvarmuuden radikaalissa parantamisessa - project in the Metallurgian
mahdollisuudet 1999–2003 -Technology programme (Puikko et al. 2004: 10–12).
The way the timely accuracy and especially the timely inaccuracy are
measured in this study is used in the case A business unit for business
development. The timely accuracy measurement was inputted manually into a
spreadsheet into the corporate R&D database in requested exactness for different
product routes and groups. Manually, because the computerized management
information system had only the simplest aggregate functions available. The
standard deviation and the cumulative distribution functions were missing in that
management information system. (Puikko et al. 2004, Puikko 2004.)
The rest of the case A operating factors are available in the case management
information system, although robustly (Puikko 2004). This study accentuates the
missing operating factor fidelity and the sound performance measurement data in
the case. For managerial use, the operating factors need to be simple, relevant,
easy to use and most of all, scalable (Kasanen et al. 1993: 259). The case A
operating factors in relation to current measurement are presented in Table 7.
Table 7. Case A, this study operating factors and current measures.
Operating factors

Operating factor exactness

Current measure and exactness

Status

Data

Demand

kg/order date/sales region

under construction

vital

improve

Order backlog

kg/date/order/position

tonnages/production week

ok

available

Production

kg/time/stage of op.

tonnages/production date

ok

available

Inventory

tonnages/weekday

tonnages/weekday

improve missing

Timely accuracy

percent or kg/time/stage of op. delayed tonnages/production date improve available

This is the intention for Decision Support System engineering. The order backlog
is in valid exactness but the other operating factors need engineering. The
inventory data does not exist. To most important is to start follow-up the
inventories.
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3.6

Case B operations

The operations’ planning practice in case B is analogous to the one in case A. The
examined production flow is presented in Figure 55.

Fig. 55. Case B, production flow.

The production is made to slab stock based on forecast. The examined scope of
operations is from slab stock to finished products through the strip mill.
According to current production planning practise, the production planning
focuses on hot rolling operations. The practical target for production planning is
to utilize the melting capacity, streamline the hot rolling operations and minimize
the inventories. The slitting, cutting and pickling stages are planned in the most
detailed manner. The repair and finishing stages of production are the current
constraints on case B operations.
The production plan has a target level for each stock and each route has fixed
and programmed dedicated storing places. The objective for planning is to
balance capacity between parallel routes. The balancing is made by route and
inventory level programming.
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The case B scheduling is automated and conducted on a daily basis. The
orders are batched into bigger mill orders by the product features and again
picked up to the customer delivery from the product stock. The capacity is
allocated by products and parallel capacity exists only in slitting operations.
Every now and then some internal production is planned within the normal
production to utilize the hot rolling capacity in full. Such production is planned in
the same manner than the customer orders, allocated to the internal order and sold
from the product stock.
3.6.1 The timely accuracy operating factor
To find out if the timely accuracy of operations follows the normal cumulative
distribution, a cumulative distribution with a normal curve is presented in Figure
56. The data consist of 230 033 packets and it is trimmed by three percent. Both
extremes, over 50 and below −50 days, are excluded.
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Fig. 56. Case B, production timely accuracy with normal curve.
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The distribution of the production timely accuracy is normal, skewed left and
peak. The timely accuracies with normal curves by the product routes are
presented in Appendix 3. The timely accuracies are normally distributed by routes.
To exclude the doubt of systematic distortion due to computerized order
allocation, the allocated and actual production by weekdays is presented in Table
8.
Table 8. Case B, planned and actual weekday for production.
Tonnages

Monday

Tuesday

Wednesday Thursday

Friday

Saturday

Sunday

Plan

280 403

277 703

242 162

227 776

265 612

278 639

260 992

Actual

283 485

280 223

287 790

266 447

260 543

222 021

232 777

The orders are evenly planned and the production is evenly divided between the
weekdays. The monthly distribution of planned orders is presented in Figure 57.
actual

tonnages

plan

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
day of month

Fig. 57. Case B, daily distribution of planned and actual production.

The daily distribution of planned and actual production is horizontal. To conclude,
the actual production has a direct effect on the daily statistical accuracy. A
statistical summary of the timely accuracies of different routes is presented in
Table 9.
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Table 9. Case B, the timely accuracy by product routes.
Route

N

Mean

Median

Std. Deviation

Kurtosis

Skewness

Coil products

14 146

−1.73

0.00

7.132

7.785

−2.131

Downstream operations

47 409

−2.66

−2.00

3.381

36.054

−3.949

Finished products

6 729

−3.65

−2.00

5.673

14.950

−2.939

Pickled products
Plate products

7 245

−1.89

−1.00

4.702

16.247

−2.807

101 188

−1.94

−1.00

5.413

11.820

−2.381

Strip products

53 316

−4.15

−3.00

6.671

10.197

−2.547

Total

230 033

−2.64

−2.00

5.583

13.400

−2.636

The timely accuracies of all the routes are left skewed and peaked. The mean and
the standard deviation are about the same in all the routes. A normally distributed
timely accuracy offers a reliable base to estimate delay and in-hand production by
the means of cumulative normal distribution as in the case A.
3.6.2 The operating factor regression analysis
The operating factors are the same as in the case A. The regression analysis is
conducted weekly, according to the shortest production planning period. The
analysed data encompasses a year. The regression analysis of the operating factors
is presented in Table 10.
Table 10. Case B, the operating factors regression analysis weekly.
Correlation

Order

Slab

Work-in-

coefficient

backlog

stock

process

Order backlog
Slab stock

Production

product

Timely

stock

accuracy

Demand

1.0
−0.4

1.0

Work-in-process

0.4

−0.6

1.0

Production

0.9

−0.5

0.4

1.0

Product stock

0.2

0.2

0.0

0.1

Timely accuracy

0.8

−0.6

0.4

1.0

0.0

1.0

Demand

0.4

−0.3

0.1

0.4

0.3

0.4

1.0
1.0

The order backlog correlates positively with the production and the timely
accuracies. The correlation between the production and the order backlog is
natural and reflects successful planning in tonnages. The positive correlation with
the timely accuracy signifies that the operations do not work so timely accurate.
The slab stock correlates negatively with the work-in-process, production and
timely accuracy. The slab stock fluctuates reversely to production. Such
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phenomenon is natural upstream the OPP up until stockout restricts the timely
operations, according to third theorem.
The work-in-process correlates slightly with production and timely accuracy,
which is natural when the product flow strengthens, according to third theorem. It
should be noted that the production correlates directly and positively with timely
accuracy. Such correlation signifies that the operational flow rate is too fast and
the product flow is too narrow or the operations do not work so timely accurate.
The demand and the product stock do not correlate with the other operating
factors. The Forrester effect does not exist and the operations work well with the
Make-To-Order method. The correlations between product stocks and productions,
timely accuracies and work-in-process inventories are examined in more detail in
the next chapter.
3.6.3 The operational operating factor analysis
Differently to inventories in the production flow in the Figure 55, all the coil
products are invented as one stock. These product inventories correlations
between the slab stock and the strip, plate and coil production is presented in
Table 11.
Table 11. Case B, inventory and production correlation.
Correlation coefficient

Slabs

Slabs stock

1.0

Production

Prod.

Coils

Plate

Strips

P.inv.

Coils

Plate

−0.5

1.0

Coils

−0.5

1.0

1.0

Plates

−0.3

0.7

0.6

Strips

−0.4

0.7

0.6

0.6

1.0

0.2

0.1

0.2

0.0

0.0

Coils

0.3

0.2

0.2

0.0

−0.1

0.9

Plates

−0.5

0.3

0.2

0.4

0.4

0.4

0.2

1.0

Strips

0.4

−0.2

−0.2

−0.2

−0.2

0.7

0.5

0.0

Product inventories

Strips

1.0
1.0
1.0
1.0

The product inventories do not correlate strongly or even positively with
production. Because the production is planned to demand, an increase in
production increases the operational flow rate and the inventory turnover. The
product inventories correlation between the slab stock and the timely accuracies is
presented in Table 12.
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Table 12. Case B, inventory and timely accuracy correlation.
Correlation coefficient
Slabs stock
Timely accuracy

Slabs

T. ac.

Coils

Plate

Strips

P.inv.

Coils

Plate

−0.6

1.0

Coils

−0.5

0.9

1.0

Plates

−0.5

0.7

0.6

Strips

−0.4

0.7

0.6

0.4

1.0

0.2

0.0

0.2

−0.2

0.0

1.0

Coils

0.3

0.1

0.2

−0.2

0.0

0.9

1.0

Plates

−0.5

0.3

0.4

0.3

0.3

0.4

0.2

1.0

Strips

0.4

−0.3

−0.2

−0.4

−0.2

0.7

0.5

0.0

Product inventories

Strips

1.0

1.0

1.0

The product inventories do not correlate with the timely accuracies. The
correlation between the slab stock and the timely accuracies is strong and
negative. The timely inaccuracy is probably caused by the lack of suitable
material in the slab stock, especially in the case of the plate products. The product
inventories do not correlate with the production or with the timely accuracy. The
plate production timely accuracy is examined more detail.
3.6.4 The timely accuracy measurement
The plate production is used as an example of the timely accuracy measurement.
A cumulative distribution of the timely accuracy of the plate production in
tonnages and packets is presented in Figure 58.
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Fig. 58. Case B, plate production timely distribution in tonnages and in packets.

The measurement by weight or amount does not have a significant effect on the
result. The timely accuracy of the plate production in tonnages and packets is
presented in Figure 59.
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Fig. 59. Case B, plate production timely accuracy by packets and by tonnages.
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The cumulative distribution in tonnages seems to react more positively and faster
to changes than the cumulative distribution in packets, but the difference between
these different measures is not significant. In the production planning, the total
resources are allocated in tonnages whereas the unit used in the final planning is
time by packets. The measurement by packets is easily converted to timely
accuracy in tonnages according to the measurement used in case A.
When tonnages are produced on time, separate operations are more efficient,
but production ends up in sub-optimization. When scheduled packets are
produced on time, excess stocking decreases, planning is simpler and batches are
adjusted to actual production. The allocation of tasks and the performance
measurement by packets is a better practice in the case B operations.
3.6.5 Current inventory levels and actual lead times
The daily operational flow rates through different routes are presented in
Appendix 4. Based on those deviations, the median is selected for statistical
numbering to approximate the operational flow rate.
For the actual lead time approximation the production flow is divided into
three product flows: coil production, downstream operations and other operations.
The operational flow rate in total is synchronized based on these approximated
daily operational flow rates and the illustrated operations shown in Figure 55.
Each illustrated operation and inventory is synchronized as one day delay.
The lead time in the coil production and in the other operations is approximated to
one week lead time in total. The downstream operations’ lead time is
approximated to half a week in total. The slab stock size is estimated to equal the
planning period.
The planning period is equal to the lead time in the coil production and in the
other operations. The planning period for the downstream operations is double
than the coil production in duration. The amounts of estimated inventories based
on these actual lead time approximations are presented in Table 13.
Table 13. Case B, estimated capacities, lead times and inventories.
Estimate

Hot

Coil

Downstream

Other

Product

rolling

production

operations

operations

stock

5000

5000

600

2500

1600

5000

Lead time in days

7

1

4

1

4

2

Inventory in tons

35000

5000

2400

2500

6400

10000

Daily capacity in tons

Melting
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The approximated work-in-process inventory including the product stock is
26 300 tonnages. The follow up of the actual inventory related to this
approximated amount is presented in Figure 60.
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Fig. 60. Case B, work-in-process inventory follow up.

The inventory is fluctuating according to the approximated amount. The work-inprocess inventory is therefore fully controlled. The follow up of the actual slab
stock related to the approximated amount is presented in Figure 61.
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Fig. 61. Case B, slab stock follow up.

The slab stock is fluctuating according to the estimated amount. The
approximated target levels seem to work in practice.
3.6.6 Operational target and operating factor deviations
The inventories in case B are on a targeted level. The production does not react to
changes in demand and the operations are producing tonnages according to the
plan. The allocated orders are correlating strongly and positively with the total
production, which indicates that the operations are well-controlled and the
planning follows the available capacity in tonnages. The main concern is the
operations timely accuracy and, to be more exact, the timely operations by
products.
The operations in case B produce tonnages according to the plan, but the
measurement in tonnages does not bring out the problem. The accuracy
measurements by the means of time and by the tasks illustrate the problem in
timely operations.
The mean of the timely accuracy is −3 days and the standard deviation is six
days. The decrease in work-in-process into 3.5 days accuracy in mean and in
standard deviation, is approximately a week extra production. A week extra
production means 35 kt decrease in the inventory.
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A decrease of 35 kt in the inventory increases the sales by 17.5 million EUR
at the price of 50 cent per kilogram. With 25 percent return on capital, such
reduction means 4.375 million EUR savings in the annual capital costs. Again,
competitiveness is also increased by the expected improvement in quality,
shortened lead time, responsiveness and increasing liquidity.
The correlation coefficients in the Table 10 are from a one year period. The
four-week operating factors correlation coefficients with the production weekly,
during this year period, are illustrated in Figure 62. The four-week regression in
each week in the figure is calculated from last four week period.
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Fig. 62. Case B, the operational operating factor’s regression with the production.

The correlation coefficients in the Table 10 are practicable for this case
operational target formulation. These correlation coefficients are programmed
into the operational objective function as follows in equation 4.
Minimize f (T, I) = T*1 + I*0.4,
where

(4)

T = the timely inaccuracy in tonnages
I = the amount of work in process inventory in tonnages.

Because the timely accuracy is evaluated as inaccuracy in tonnages, both
operating factors have a negative effect on the operations performance. To
illustrate this objective function, this index is calculated by a weekly timely
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inaccuracy and by a weekly work in process inventory for the year period. This
linear goal behaviour is illustrated in Figure 63 in accordance with the timely
inaccuracy and with the work-in-process inventory.
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Fig. 63. Case B, linear goal behaviour according to timely inaccuracy and work-inprocess inventory fluctuation.

This illustration is a simulation and does not describe this function performance in
practice as discussed in the previous case A. This operational target function does
work as expected. The case B operating factors in relation to current measurement
are presented in Table 14.
Table 14. Case B, this study operating factors and current measures.
Operating factor

Operating factor exactness

Current measure and exactness Status

Demand

kg/order date/order/position

missing

vital

available

Order backlog

kg/date/order/position

tonnages/week

ok

available

Production

kg/date/order/position/stage of op. tonnages/date

ok

available

Inventory

tonnages/week/inventory

improve missing

tonnages/week/inventory

Data

percent or
Timely accuracy kg/date/order/position/stage of op. delayed tonnages/date

improve available

The data is requested in similar form as in the case study A. The operating factors
data and exactness are about the same in both cases A and B. This time period is
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short but valid for this purpose, in order to validate this method into steel industry
operations.
3.7

Case C operations

Recent years have been stormy in the industry of case C. National production has
been shaken by union strikes and work cessation. The operations have been out of
managerial control. An example of the production flow in paper industry is
presented in Figure 64.

Fig. 64. Case C, production flow.

Reliable data for this quantitative analysis does not exist. Despite the absence of
quantitative analysis, the case in paper industry has a contextual value in the study.
The examined paper industry develops from local production towards supply
chain in order to compete in a mature business (Lehtonen 1999).
Due to technological integration, the production flow is simpler, than in steel
industry (Lehtonen 1999, Meinander 2005, Särkikoski & Mäkinen 2005). Known
demand is characteristic to the system. Production batches are made to order and
the current batch length is a calendar week. Production is budgeted beforehand
and excess demand allocation is restricted.
The production technology develops towards line flow technology
(Meinander 2005). A simplified production flow in paper industry is presented in
Figure 65.
148

Fig. 65. A simplified production flow in paper industry.

The pulp is made to stock and the paper is made to order within one stage of
production. The machine reels are coated and cut into narrower reels or sheets
when necessary. According to Koskinen & Hilmola (2007) the North-European
paper industry is developing towards combined delivery as presented in Figure 66.

Site A

demand

Site B

demand

Fig. 66. Combined delivery in paper industry.

The delivery combinations are regional and among neighbouring countries, to
save in logistic costs. The OPP is product and supply chain specific (Lehtonen
1999), and the planning methods are similar to the ones in cases A and B.
3.8

Case D operations

The operations’ planning practise in case D is analogous to cases A and B.
However, case D differs from the previous in the conversion of sales forecast to
local operations’ demand. In case D, the global and periodical sales forecast is
allocated through a hub into the site and divided into equal weekly amounts.
Also the production in this case is changed to the deliveries to better describe
the examined operations. The change is made due to a short examined route and
due to the absence of operational information along the route. The examined
production flow is presented in Figure 67.
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Fig. 67. Case D, site operations.

The operations in case D begins with Make-To-Stock method and follows with
Make-To-Order method. The modules are made to stock in batches based on
periodical forecasts. The final units are made to order up until the assembly stage
of operations and then picked up to an internal delivery lot. The delivery lot size
is fixed.
The operations’ lead time in the examined route is from one week to two
weeks. The timely accuracy is controlled by lots. The registration of the timely
accuracy is two-dimensional; a finishing time and a Boolean entry as in time or
delayed.
3.8.1 The operating factors regression analysis
The timely accuracy is currently measured as a cumulative amount of delayed lots.
The deviation of the timely accuracy based on these lots with a normal curve is
presented in Figure 68.
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Fig. 68. Case D, the timely accuracy deviation with a normal curve.

The lot control with fixed lot size forces the timely accuracy deviation into
Poisson distribution. The timely accuracy deviation is right skewed and peaked.
The timely accuracy statistics with the hypothesis of a Poisson distribution is
presented in Table 15. The negative values have been excluded from this
statistical analysis due to One-Sample Kolmogorov-Smirnov test.
Table 15. Case D, timely accuracy statistics.
Parameter

Sub-Parameter

Statistics

Poisson Parameter

Mean

0.87

Most Extreme Differences

Absolute

0.070

Positive

0.070

Negative

−0.045

N

3674

Kolmogorov-Smirnov Z

4.244

Exact Sig. (2-tailed)

1.000

a. Test distribution is Poisson.
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The statistical timely accuracy is Poisson distributed. In practice, the timely
accuracy deviation is normally distributed but a controlled result is inaccessible
with the current lot based data. In this case the timely accuracy is measured by
this cumulative Poisson distribution function.
The work-in-process is estimated by multiplying the product’s lead time with
the packed amount weekly. The quality control in the case is random and
lengthens the lead time measured by mean substantially. Because of this random
quality control, the median is the most robust statistical factor when describing
this case’s lead time. The lead time’s operational length is from batch production
to product packing. The estimated work-in-process inventory by the means of
median lead time gives a total value for the examined route.
The order backlog, the deliveries and the delayed deliveries are a cumulative
number of products. The weekly regression analysis of the operating factors is
presented in Table 16. This analysis period is a year.
Table 16. Case D, the operating factors regression analysis weekly.
Correlation coefficient

Demand

Order Backlog

Deliveries

Delays

Demand

1.0

Order Backlog

0.4

Deliveries

0.4

1.0

1.0

−0.1

0.2

0.2

1.0

0.1

0.1

0.1

0.0

Delays
Work-in-process

Work-in-process

1.0

1.0

The demand is periodical forecast and it’s correlation with weekly information is
indicative for the study. The deliveries correlate directly with the order backlog.
The order backlog and the deliveries have the biggest correlation with the demand,
but that correlation is far from a direct response.
The order backlog is synchronous to the deliveries. The work-in-process and
the delays do not correlate with the deliveries. According to four theorems,
everything seems to work fine.
3.8.2 Time-series analysis
The monthly fluctuation of the operating factors excluding the delivery,
synchronous to order backlog, is presented in Figure 69. The order backlog is
excluded in order to simplify the graphical presentation.
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Fig. 69. Case D, periodical fluctuation.

In this seasonality analysis, the work-in-process inventory and the delay seem to
correlate, but incoherently. The delay seems to increase before the work-inprocess inventory.
The coherency of the demand and the deliveries improve towards the end of
the year. A longer time-series of the demand and the delivery are presented in
Figure 70.
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Fig. 70. Case D, the demand and the deliveries periodically.

The periodical deliveries seem to follow the demand consistently. In order to
explain the incoherency of the work-in-process inventory and the delays, the
product flows and the product versions changes are analyzed more specific. The
products 1–2 versions 1–3 deliveries weekly with relation to delays are presented
in Figures 71–72.
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Fig. 71. Case D, product 1 versions 1–3 deliveries with delay.
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Fig. 72. Case D, product 2 versions 1–3 deliveries with delay.

The delay correlates with the product version change and with the peak demand.
A more specific numerical examination exposes the correlation of the delay with
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the product version rump-down. The delay, the deliveries and the work-in-process
inventory weekly is presented in Figure 73.
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Fig. 73. Case D, weekly delays, deliveries and inventory.

The material shortage in week 35 causes a natural delay. The work-in-process
fluctuates earlier, proportioned to the deliveries and the delays. The safety stock
level and the production lot size are too large, but the fixed lot size and the lot
control hinder a more specific analysis.
3.8.3 The operational operating factor analysis
In order to explain the total excessive inventory fluctuation, the product flows, in
relation to the deliveries and the delays are examined. The products 3–4 deliveries,
the delays and the work-in-process inventory weekly are presented in Figure 74–
75.
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Fig. 74. Case D, product 3 delays, deliveries and inventory.
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Fig. 75. Case D, product 4 delays, deliveries and inventory.

This product specific examination confirms the earlier assumption. The
production control in case D is vague. This current timely accuracy measurement,
as delayed deliveries forces in-hand production, causes losses due to obsolete
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production and increases costs due to working capital tied up in the work-inprocess inventory. The case D actual lead time is presented in Figure 76.
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Fig. 76. Case D, actual lead time weekly.

The actual lead time average and standard deviation is about 4 days for the later
time-series in the figure. A histogram of the timely accuracy with a normal (4, 4)
curve is presented in Figure 77.
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Fig. 77. Case D, the timely accuracy with normal curve.

In practice, the timely accuracy is close to normal distribution as illustrated above.
With any statistical method, the overall timely accuracy is within the weekly
master plan period.
The statistical bias is due to the fixed lot size and the lot control. There may
be some speculation to decrease and release fixed lot size for controllability,
flexibility and responsiveness towards Just-In-Time operations.
3.8.4 Operational target and operating factor deviations
The delay correlates with the work-in-process inventory but incoherently. The
delays are caused by peak demand and changes in the product version and
especially by the product version rump-downs.
The timely accuracy is on average four days in-hand with the standard
deviation of four days. A day’s decrease in the work-in-process is 600 units extra
production regarding the examined material flow. Financially, such inventory
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decrease increases the sales with 120 million EUR. With a 25 percent return on
capital, such reduction causes 30 million EUR savings in the annual capital costs
and with total flow the benefit is multiple. This examination consists of only four
different products. The analysed material flow is narrow in relation to case total
production.
The excess work-in-process inventory is partly a necessary safety stock but
mostly redundant. The excess stocking is caused by in-hand production, sluggish
batch production and too large fixed lot sizes. The main concern for operations
development is production control by units to Just-In-Time operations.
The deliveries are synchronous with the allocated orders but the periodical
forecast is far too vague. The deliveries correlate strongly and positively with the
order backlog, indicating that the production is under control and the planning
follows the available capacity, periodically.
The correlation coefficients in the Table 16 are from one year period. The
four week operating factor’s correlation coefficients, with the production weekly
during the year period, are illustrated in the Figure 78. This four-week regression
in each week, shown in Figure 78, is calculated from the last four-week period.
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Fig. 78. Case D, the operational operating factor’s regression with the delivery.
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The correlation coefficients in the Table 16 are practicable for this case
operational target formulation. These correlation coefficients are programmed
into the operational objective function as follows in equation 5.
Minimize f (T, I) = T*0.2 + I*0.1,
where

(5)

T = the timely inaccuracy as delayed products
I = the amount of work in process inventory in products.

Because the timely accuracy is evaluated as delayed products, the both operating
factors have a negative effect on the index. To illustrate this objective function,
this index is calculated by weekly delays and by weekly work in process
inventory for the year period. This linear goal behaviour according to delay and
work-in-process inventory fluctuation is illustrated in Figure 79, in accordance
with the delay and with the work in process inventory.
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Fig. 79. Case D, linear goal behaviour according to delay and work-in-process
inventory fluctuation.

This illustration is a simulation and does not describe this function performance in
practice, as discussed earlier. This operational target function does work as
expected. The case D operating factors in relation to current measurement are
presented in Table 17.
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Table 17. Case D, this study operating factors and current measures.
Operating factor

Operating factor exactness

Current measure and exactness Status

Data

Demand

forecast/product/period

forecast/product/period

ok

improve

Order backlog

lot/date/product

lot/date/product

improve available

Deliveries

lot/date/product

lot/date/product

improve available

Inventory

units/week/product

units/week/product

improve missing

delayed lots/date

improve available

Timely accuracy delayed lots or lot/date/product

The periodical forecast is too aggregate for production planning but enables a
starting point for capacity planning. This forecast realization is followed up and
revised periodically and from time to time this case does work according to plan.
The actual order backlog and production follow-up is in fixed lot size
exactness. This fixed lot size hides in-hand production. The fixed lot size also
weakens operations controllability. The timely accuracy measurement and
scheduling does not work with this too robust control data. This is evident in
Figure 78 where correlation coefficients fluctuate randomly. The tactical planning
does work with this data exactness, but the operational management remains on
the site internal responsibility.
In this data exactness, this method focused on excess inventory in the form of
in-hand production. This is tactical development need in the range of demand
planning period.
In this exactness this method evaluates current performance according to
master plan. In the case purpose for this study, in Figure 31, this EMMDDIO
method does work fine. This case D validates this method into the electronics
assembly operations.
3.9

Case E operations

The planning practise in the case E operations in is analogous to cases A, B and D.
Alike in the case D, the production in this case is changed into the deliveries to
better describe the examined operations. The change is made due to a short
examined route and due to too robust operational information along the route. The
examined production flow is presented in Figure 80.
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Fig. 80. Case E, site production.

These demand driven operations are batch production towards customer forecast.
The production method is firstly Make-To-Stock, then Assembly-To-Order and
finally Pick-To-Order. The final Order-Penetration-Point is at the product stock
phase according to customers’ forecast.
Case E extends the scope of the research to international industrial operations.
The frontier is between the batch production and the one-off production. The
work in process between these two countries is fixed to supply for five days’
demand.
The production control is lot based and the lot sizes are order specific. Final
deliveries take place twice a week. For Pick-To-Order operations and because of
batch production, the product stock is a five days’ safety stock as delay totally.
The examined operations are considered as demand driven Make-To-Order
operations despite the Make-To-Stock method. This consideration is because of
the difference in forecast fidelity between earlier cases. In cases A and B the
demand is the realised demand. In case D the demand is the internal forecast
allocated to the site by the company. In this case, the demand is the forecast given
by the customer.
3.9.1 The international operational flow rate
The analysed time period is a year. The average weekly production is 945 units
and the average daily production is 135 units. The run times in the batch
production are from five to thirty minutes.
The operations’ lead time is between one or two weeks. A lead time of one
and a half weeks approximates to 1420 units in the work-in-process inventory.
The lead time includes the safety stock for internal transportation.
A five days’ safety stock in the product stock is 680 units. The stock’s total
amount is 2100 units. The inventory level follow-ups are presented in Figure 81.
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Fig. 81. Case E, average inventory levels monthly.

The inventory levels are from two to six times higher than the estimated target.
Even the smallest registration in month six is double in proportion to the
estimated target. Management control over the inventories seems nonexistent.
3.9.2 The operating factors regression analysis
The timely accuracy is estimated as delayed production in units. This data is too
robust for more sensitive measures. The deliveries, the productions, the order
backlog and the delay are analyzed by products. The work-in-process is a
monthly average and the demand is a cumulative amount of the monthly customer
forecasts. The monthly regression analysis of the operating factors is presented in
Table 18.
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Table 18. Case E, the operating factors regression analysis monthly.
Correlation

Demand Delay Deliveries

coefficient
Demand

Product
Stock

One-Off

Order

Production Backlog

Work-in-

Batch

process

Production

1.0

Delay

0.0

1.0

Deliveries

0.8

0.1

1.0

Product Stock

0.0

−0.2

0.1

1.0

One-Off Production

0.0

1.0

0.1

−0.2

1.0

Order Backlog

0.3

−0.5

0.3

0.4

−0.5

1.0

Work-in-process

0.3

0.3

0.4

0.3

0.3

−0.3

1.0

Batch Production

−0.1

0.5

−0.1

−0.4

0.4

−0.1

−0.2

1.0

The deliveries correlate with the demand, but the production does not. The batch
production correlates negatively with the demand. The order backlog correlates
negatively with the delays. This indicates that the capacity is not a constraint for
the case operations.
The one-off production correlates directly and positively with the delays. It
seems that the one-off production does not produce timely products, whereas the
batch production does, to some extent. The timely accuracy of batch production
with a normal curve of products is presented in Figure 82.
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Fig. 82. Case E, batch production timely accuracy with a normal curve.

The data consist of 50 047 units. The data’s mean is −9, standard deviation is 6,
Skewness is −0.79 and Kurtosis is 0.19. The data is normally deviated.
Statistically four percent of the batch production completes in time or in-hand.
In practice, the situation is better than pictured by statistics because of the lot
based timely accuracy control. The lot finishing time is registered as such to each
unit in the lot. The time stamp for each unit in a lot is the latest finishing time per
unit.
In case D, the lot based operations control forces accuracy measurement to
Poisson distribution. In this case E, the unfixed lot sizes preserve the deviation
closer to normal distribution. A lot size histogram is presented in Figure 83.
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Fig. 83. Case E, lot size deviation.

The lot size varies a lot. The average lot size is 600 units which approximates to
four day production. The accuracy of one-off production with a normal curve of
units is presented in Figure 84.
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Fig. 84. Case E, one-off production timely accuracy with a normal curve.

The data consist of 49 175 units. The mean is −6, standard deviation is 6,
Skewness is −1.6 and Kurtosis is 4.3. The data is normally deviated. Statistically
15 percent of the one-off production completes on time. The weekly regression
analysis of the productions, the order backlogs and the delay is presented in Table
19.
Table 19. Case E, the operating factors regression analysis weekly.
Correlation coefficient
Order backlog

Order

The one–off

backlog

production

Delay

Internal order

The batch

Internal delay

backlog

production

in the WIP

1.0

The one-off production

−0.3

Delay

−0.3

1.0

1.0

Internal order backlog

0.2

0.2

0.1

1.0

The batch production

−0.3

0.7

0.7

0.3

1.0

Internal delay in the WIP

−0.2

0.7

0.8

0.3

1.0
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1.0

1.0

The one-off production correlates directly and positively with delays. The one-off
operations in case E do not work timely accurate.
3.9.3 Operational target and operating factor deviations
The monthly follow up indicates perfect accuracy on delivery. In practice the
situation is opposite: there seem to be no control over the work-in-process
inventory. The control method for the current operations’ is too vague. The
operations’ control is based on monthly budgeting and the monthly control is
based on final deliveries.
The correlation coefficients in the Table 18 are from a 44-week period. The
cumulating operating factors correlation coefficients with the production weekly,
during the year period, are illustrated in the Figure 85. This cumulating regression
in each week in the figure is calculated firstly from a four-week period.
The delivery correlation with the work in process

The delivery correlation with the delay

0,5
0,4
0,3

correlation coefficient

0,2
0,1
0,0
9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

-0,1
-0,2
-0,3
-0,4
-0,5
week

Fig. 85. Case E, the operational operating factor’s regression with the delivery.

The correlation coefficient for the inventory in the Table 18 is practicable for this
case operational target formulation. The correlation coefficient for the timely
accuracy is speculative to some extent. The data is available monthly basis and
this data accuracy is far too robust for more sensitive analysis. The timely
accuracy correlation coefficient is considered as practicable for this case
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operational target formulation. These correlation coefficients are programmed
into the operational objective function as follows in equation 6.
Minimize f (T, I) = T + I*0.3,
where

(6)

T = the timely inaccuracy as delayed products
I = the amount of work in process inventory in products.

Because the timely accuracy is evaluated as delayed products, the both operating
factors have negative effect on the index. To illustrate this objective function, this
index is calculated by monthly delays and by the monthly work in process
inventory for the 44 week period. This linear goal behaviour is illustrated in
Figure 86, in accordance with the delay and with the work in process inventory.
The work in process inventory

The index of the operational objective function

parcels and the index of operational target

The delay

1
week

Fig. 86. Case E, linear goal behaviour according to delay and work-in-process
inventory.

This illustration is a simulation and does not describe this function performance in
practice as discussed earlier. This operational target function does work as
expected. The case E operating factors in relation to current measurement are
presented in Table 20.
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Table 20. Case E, this study operating factors and current measures.
Operating factor

Operating factor exactness

Current measure and exactness

Demand

forecast in units/product/month

customer forecast/product/month ok

Order backlog

allocated delivery lots/month

delivered units/month

improve available

Deliveries

lot/date/product

delivered units/week/period total

improve available

Inventory

units in average/month

units in average/month/inventory

vital

missing

timely delivered units/month

vital

missing

Timely accuracy lot/date/product

Status

Data
available

For case E operations to qualify as accurate, e.g. Lean and Just-In-Time, an exact
operations’ control should be established. The exact follow-up data with
accessible performance targets is a good start. Timely operations should be the
top priority, since it is the main concern in the case. The tactical concerns in the
case are timing, timely production and excess stocking, due to in-hand production.
3.10 Case F operations
The examination of case F extends the scope of the research to global industrial
operations through a regional retailer warehouse. The regional site production and
the global industrial operations of case F are presented in Figure 87.
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Fig. 87. Case F, site production and the supply chain context.

The case F consists of bulk production for retail sale. The products are localized
by language and print out materials during the packing stage of operations. The
demand forecasting is carried out in terms of packages. The monthly forecasting
is centralized and budgeted into sites, similar to case D. The production planning
is continuous, periodical and 12 months in advance. The weekly deliveries base
on downstream demand.
Alike in the cases D-E, the production in this case is changed into the
deliveries to better describe the examined operations. The regional site operations
are autonomous and restrain information concerning internal performance. The
timely accuracy, the work-in-process inventory and the production control are
each site’s internal responsibility.
The operational logistics control is based on delivery transactions, demand
forecast, allocated demand and actual deliveries through regional warehouse. The
component stock, the distribution centre and the retailer inventory are controlled
by material transactions. The material balance is calculated as periodical input
minus periodical output plus previous period balance.
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The demand planning is conducted monthly by products and the plan predicts
the retailers’ demand. The forecast is allocated according to the monthly demands
by the destination countries. The demand planning is cumulative and the demand
forecast is adjusted monthly.
3.10.1

The global operational flow rate

The operations in case F are managed according to the forecasted demand. This
management is based on inventory levels and transaction along the supply chain.
The examined inventories are transit stores and the safety stocks in these transit
stores prepare for peak demand.
The material transactions of the inventories with monthly and weekly
balances are presented in Appendix 5. The distribution centre in Figure 3–4,
Appendix 5 seem to work well, being strongly synchronized to the demand. Some
delays exist in the component stock in Figure 1–2, Appendix 5 and in the retailer
inventory in Figure 5–6, Appendix 5. The weekly balance of the component stock
and the retailer inventory with the allocated demand are presented in Figure 88.
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Fig. 88. Case F, operational material balance with the demand.

The Forrester effect does not exist. The component stock and the retailer
inventory operate synchronously, but accelerated towards the demand.
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Some negative values exist since the first inventory level is assumed as zero,
but the examination method for this purpose is adequate. The operating factors’
fidelity is a week and a delivery lot and adequate for this research’s purpose
presented in the Figure 31–33.
This global operational flow rate is constrained by conditions of sale, terms
of delivery and by transportation. The conditions of sale define minimum packet
size and lead time for delivery. The terms of delivery define the place of delivery
and distribution of liabilities. The transportation constraints are delivery lot size,
transport time and delivery frequency.
Because of lacking timely accuracy information and too robust data this
operational target definition has not been made in this case study. The operating
factor analysis consists of synchronic analysis of the inventory transactions.
3.10.2

The operating factors regression analysis

The monthly and the weekly regression analyses are presented in Appendix 6.
The regression analyses confirm that the operations of component stock and
retailer inventory are synchronous to the demand and that the distribution centre
operates like a transit store.
For some reason, the final delivery and the allocated demand do not meet.
This situation is either caused by retailer’s speculation or represents a general
forecasting dilemma. The demand forecast is not realized on the predicted time.
In the monthly examination of Table 1 in Appendix 6, the distribution centre
seems to correlate negatively to the demand. Figure 3 and 4, Appendix 5 confirm
that such excess inventories exist. The presented correlation coefficients are very
sensitive and appropriate for the case’s analysis.
In the weekly examination of Table 2 in Appendix 6, the components stock
input is correlating negatively to the demand. The negative correlations are
marginal but strengthen the picture of Make-To-Order operations and the
retailer’s postponement strategy.
More detailed analysis is not possible with this data. These results are
appropriate as such for this examined scope of global industrial operations.
3.10.3

Operational target and operating factor deviations

The constructed EMMDDIO method is working well with the product flow in
global industrial operations through a regional retailer warehouse. The case F
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operations seem to work synchronous but there is too much material in the
inventories. The operational target is to streamline these inventory operations.
The close adaptation to the final markets in the case arouses the forecasting
dilemmas. In the case E the retailer’s stock size is too large since it supplies from
three to six months’ demand (Figure 7 in the Appendix 5). The products are at the
cutting edge of technology and with a large stock size, the risk of obsolescence is
evident.
The Make-To-Order method may prevent the Forrester effect and save from
these demand forecasting problems, such as overstocking and obsolete production.
The Just-In-Time delivery towards actual demand shortens the lead time and
streamlines the supply chain. The case F operating factors, in relation to current
measurement, are presented in Table 21.
Table 21. Case F, this study operating factors and current measures.
Operating factor

Operating factor exactness

Current measure and exactness Status

Demand

forecast in units/product/month

forecast in units/product/month

Order backlog

allocated demand in units/month

delivered units/month/inventory improve available

Deliveries

transactions in units/inventory

transactions in units/inventory

Inventory

balance in units/inventory

end stock/units/month/inventory vital

missing

missing

missing

Timely accuracy missing

Data

improve robust
ok
vital

available

For the case F operations to qualify as accurate, streamlined and Just-In-Time, an
exact operations’ control should be established. The exact follow-up data with
accessible performance targets is a good start. The main and strategical concern in
the case is excess stocking due to in-hand production.
3.11 Cross case analysis
The examined industries as explained earlier in Sub-Chapter 3.3 are Make-ToOrder production in a flow-shop or in a job-shop-operations. The industrial scope
in the study is from continuous operations to one-off production. The operations
are meant to be goal programmed towards the operational target formulated by
this EMMDDIO method.
The case studies cover different levels of management and different scopes of
operations. The managerial scope is from work management to supply chain
management (presented in the Figure 2 and 31). The operational scope is from
local industrial operations to global industrial operations (presented in the Figure
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32–33). The fidelity of the operating factors in relation to managerial scope and
operational scope and planning periods is presented by cases in a cross-case
analysis in Table 22.
Table 22. Cross-case analysis by the operating factors fidelity.
Factors exactness
Demand

Case A

Case B

Case C

Case D

Case E

Case F

daily

daily

not available

periodical

monthly

monthly forec.

Accuracy

daily

daily

not available

daily/lots

daily/lots

not available

Production

daily

daily

not available

daily

daily/lots

daily transact.

Work-in-process

weekly

weekly

not available

weekly

monthly avg. mat. balance

Order backlog

daily

daily

not available

daily

monthly/lot

12 moths 12 moths 12 moths

12 period

12 moths

12 moths

Demand

monthly

monthly

period

monthly

monthly

Operations

weekly

weekly

weekly

weekly

weekly

weekly

Operational

daily

daily

daily

daily

daily

weekly

The managerial scope

work

work

site

site

global chain

supply chain

The operational scope

local

local

consolidation centralization international

Planning period

monthly

monthly

global

The data in case C is not reliable for the study due to the industrial actions at the
time. The purpose of case C is to bridge earlier research together with this study,
as illustrated in the Figure 20, 31–33. Parallel scope to cases A–C are cases D–F
which represent the allocation of centralized demand through a hub.
The operating factors’ fidelity in Table 22 follows the scope of the study in
each case in the Figure 20, 31–33. The operational targets are formulated as
follows in Table 23. These results are also a validation of the EMMDDIO for the
operational purposes.
Table 23. The operational validation by cases A, B, D and E.
The operational operating factors regression
Case A

Timely accuracy (T)

Inventory (I)

0.5

0.2

Case B

1

0.4

Case D

0.2

0.1

Case E

1

0.3

The case specific equations for goal programmed scheduling are presented in the
case studies. The formulated operational target is towards the streamlined
operational optimum as pictured earlier in the Figure 28. This targeting is
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continuous and dynamic and affects through the operational objective function,
into scheduling.
This dynamical logarithmic response meets the case in the operational period
and affects through the schedule. The deviation in the range of lot size is expected
to improve along the logarithmic effect in the operational objective function.
The tactical operating factors, the production and the order backlog
incoherency outside lot size length, calls tactical actions. The incoherency extends
the operational planning period which calls for strategical actions. In the case
when the Forrester effect emerges, the demand allocation needs tactical
development.
When the streamlined and synchronized operational optimum with
nonexistent operating factor correlation is reached, it is time for strategical
development. The result according to EMMDDIO by cases and by decisionmaking levels; operational (O), tactical (T) and strategic (S), is presented in Table
24. This deal is also a validation of the EMMDDIO for the tactical and strategical
purposes.
Table 24. The tactical and strategical validation.
A

Case
Decision making level

O

B

T S

S

Demand planning

T

Order allocation

S

T

Production

S

O

Inventory

O

Timely accuracy

C

O T S

O

T

D
S

O

T

E
S

O

T

F
S

O T S
T

S

T

T
T

T
S

O

S

S

S

S
S
S

The operating factors deviations extend operational, tactical or demand planning
period is illustrated in the Table 24. There are suggested target for development in
all the quantitative cases A, B, D-F.
This tactically controlled operating factor in case A is the inventory. In case B,
the tactically controlled operating factor is the timely accuracy with the timely
production. This tactical accuracy development may need strategical actions
concerning the production.
In case D, the tactically controlled operating factor is the inventory in the
form of in-hand production. The strategical need is to improve controllability
concerning timing and inventory. In case E, the tactically controlled operating
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factor is the inventory with the timely production and coherent order allocation.
This tactical coherency improvement may need strategical actions.
The tactical incoherency is fixed by reallocating the resources within the
current operational planning period. In case F, the tactically controlled operating
factor is the demand planning. The excess inventory due to speculation and
gaming is a typical problem for too robust forecasting. This effect is similar to
Forrester effect and emerges in case F. This development is to improve demand
allocation.
The deviation outside operational planning period length calls strategical
actions. These strategical actions are firstly to reallocate orders within demand
planning period and secondly to change the capacities for demand planning
periods according to Sub-Chapter 2.1.6. These actions may work in the case A
and B. In case E, the remedial actions are to improve production planning
practices. In case F, the remedial actions are to improve demand planning
practices.
The EMMDDIO method is workable in the examined scope, but the fidelity
of the operating factors need development in all the cases. The operating factors
data need to be exact, continuous, scalable and cumulative in order to make the
best use of the Decision Support System for demand driven, industrial operations.
The comparison of the operating factors data, in relation to current measures by
cases, is presented in a cross-case analysis in Table 25.
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Table 25. Cross-case analysis to develop current management system.
Case A

Operating factor exactness

Current measure and exactness Status

Data

Demand

kg/order date/sales region

under construction

vital

improve

Order

kg/date/order/position

tonnages/production week

ok

available

Production

kg/time/stage of op.

tonnages/production date

ok

available

Inventory

tonnages/weekday

tonnages/weekday

improve missing

Timely

percent or kg/time/stage of op.

del. tonnages/production date

improve available

backlog

accuracy
Case B

Operating factor exactness

Current measure and exactness Status

Demand

kg/order date/order/position

missing

vital

Data
available

Order

kg/date/order/position

tonnages/week

ok

available
available

backlog
Production

kg/date/order/position/stage of op. tonnages/date

ok

Inventory

tonnages/week/inventory

tonnages/week/inventory

improve missing

Timely

percent or

delayed tonnages/date

improve available

accuracy

kg/date/order/position/s. op.

Case D

Operating factor exactness

Current measure and exactness Status

Data

Demand

forecast/product/period

forecast/product/period

ok

improve

Order

lot/date/product

lot/date/product

improve available
improve available

backlog
Deliveries

lot/date/product

lot/date/product

Inventory

units/week/product

units/week/product

improve missing

Timely

delayed lots or lot/date/product

delayed lots/date

improve available

accuracy
Case E

Operating factor exactness

Current measure and exactness Status

Data

Demand

forecast in units/product/month

custom. forecast/product/month ok

available

Order

allocated delivery lots/month

delivered units/month

Deliveries

lot/date/product

delivered units/week/period total improve available

Inventory

units in average/month

average units/month/inventory

vital

missing

Timely

lot/date/product

timely delivered units/month

vital

missing

improve available

backlog

accuracy
Case F
Demand

Operating factor exactness

Current measure and exactness Status

forecast in units/product/month

forecast in units/product/month

allocated demand in units/month

delivered units/month/inventory

Order
backlog

Data

improve robust
improve available

Deliveries

transactions in units/inventory

transactions in units /inventory

Inventory

balance in units/inventory

end stock/units/month/inventory vital

missing

vital

missing

Timely
accuracy

missing

ok

available

missing
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The quantitative and operational purposes of the study are best served by cases A
and B. In cases A and B, the data for analysis is available but too robust. In both
cases, the work-in-process measure is too rough and the accuracy measure needs
to be extended to cover all the examined operations by tasks.
Case D represents the quantitative and operational local industrial operations
in a centralized planning network. The demand in case D is a share of the total
demand, allocated through a hub by centralized resource planning according to
the Figure 33. The study of case D is valuable as such. The operational and
tactical targets are found and the strategical needs are clarified out well. The
work-in-process measure is too rough also in case D and the accuracy
measurement needs to be measured by tasks. The scope of the accuracy
measurement needs to be extended to cover all the examined operations.
Case E has an international dimension. The component manufacturer in case
E is located abroad. The internal delivery between the countries is included in the
study in the pictured delay in Figure 80 and counted in the work-in-process
inventory. The national frontiers hindered the availability and exactness of data
but did not restrict this study. The study of case E is also valuable as such and
brings international operations to the scope of the study.
Case F has a global dimension. There is no local control because the
manufacturing is outsourced and the national frontiers restrict the availability of
data, according to the Figure 87. The supply chain management concentrates on
final demand forecasts, logistics transactions and global inventory levels.
The study of case F is necessary for the study and extends the scope of the
study into global industrial operations. The internal supply chain is synchronous
to the demand forecast. In this case F, the common Make-To-Stock problems due
to forecasting, retailer speculation and postponement emerge, according to the
supply chain theory in the Sub-Chapter 2.1.
The EMMDDIO is working well in this scope with total production and with
narrower product flows. To conclude the EMMDDIO, this method is made most
simple for managerial sensitivity for remedial managerial actions and for followup this operations development towards the operational target. The core element
in this method is to illustrate current order of importance for operations
development by the operating factors. This contributes responsiveness to the
demand.
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4

Discussion and conclusions

The scope of the industrial operations management has extended into
management of the global supply chain and focused more on cooperation than
operations. The cooperative variation is not a problem in a continuous process, for
example, in chemical reactions, but in discrete operations, the demands are more
critical, as well as in the supply chain. (Meredith & Shafer 2001.) (Figure 18.)
To build up the operations management method in question, three measures
are: effectiveness, efficiency and productivity. All these measures need a given
target, especially effectiveness and efficiency. Productivity is the most standalone measure for the study and the only measure to specify an exact operational
target from a financial starting point. (Figure 14.) The productivity calculation, by
definition, is not within the scope of the study.
Singh et al. (2000) divide productivity measurement approaches into three
diverse techniques: index measurement, linear programming and econometric
models. This study is statistical, primarily focused on index measurement, and
deduces a linear target for goal programmed scheduling. The linear target is not a
linear model that simulates operations or should be used for forecasting. The
econometric models or modelling methodologies such as DESSCOM by Biswas
and Narahari (2004) are related to forecasting and to simulation purposes and
these approaches are edged from scope of the study.
The study is edged in industrial Make-To-Order, Just-In-Time operations.
Within edging, the amount of the work-in-process has a direct effect on lead time
and a consequential effect on timely accuracy. The opposite strategy for Just-InTime operations is the postponement. A postponement brings out the counterproductive fluctuation, known as Forrester effect (Forrester 1961). (Figure 3.)
The method brings out the industrial constraints in each case study. The best
practice implementation or industrial revolution is easier when one knows with
which constraints and management priorities to work.
Decision Support System improvements are needed because of a perspective
for remedial managerial actions (Mahoney 1997). Also, adaptability in a business
environment count. The metrics need to be aligned, valid and reliable for
responsiveness. (Cross & Lynch 1988.) Responsive operations are the base for
forecasting and leave room for manoeuvring.
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4.1

Contribution

The scientific contribution is a practical operations management method. This
operations management method is based on simplicity, and intended to work with
these operating factors on specified decision-making levels. The managerial
benefits are savings in logistics costs and improvement in customer service due to
shorten lead time and exact delivery.
The method’s performance target is defined by productivity improvement
according Figure 14. The method’s operating factors are aligned by way of the
performance pyramid in Figure 15. The method’s financial objective is cost
minimization and working capital savings with quality and service improvement.
The method is case specific, because the operating factors data uniqueness
confines the external benchmarking. The method’s first practical result is an
operational linear target for scheduling as presented in Figures 23, 28–30. The
method’s second practical result is operational target for operational flow rate and
inventories along the examined route as presented in Figures 25–27. The
method’s third practical result is a Decision Support System improvement due to
case study. The method’s fourth practical results are highlighted industrial
constraints for operations tactical development similarly to Graves (1986).
The method validation is made along several longitudinal case studies to
cover operational logistics, global industrial operations and international supply
chain. The industrial scope is from continuous operations to one-off production.
The managerial scope is from work management to supply chain management.
The operational scope is from local industrial operations to global industrial
operations. This operations management method is simple and workable for this
examined scope.
4.2

Validation

According to Kasanen et al. (1993: 244) constructions produce solutions to
explicit problems, and tend to create new realities. Their usability can be
demonstrated through implementation of the solution. The managerial
construction solves problems that emerge in running industrial organizations.
The core managerial target development is the explicit problem. The research
dilemma emerged in running the case A operations and the operational target
development was the kick-off for this study. The operational linear target for
scheduling is goal programmed into the case A production planning software.
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This development was made in the PROPOS – Applying Optimization Methods
for Production Planning in Steel and Electronics Manufacturing – project in the
Adaptive and intelligent systems applications Technology Programme (Bonissone
& Sarparanta 2000: 16).
The acid test and the weak market test were made along the first case study.
The reporting was implemented to the appropriate end into the case A
management information system. The way the demand was measured had been
implemented to the corporate level as such. The demand reporting was first
manual and later it was programmed into the computerized management
information system. This development started in the INTEGRA – Tornion
jaloterästuotannon tuotantoketjun integraation hyödyntäminen toimitusvarmuuden
radikaalissa parantamisessa - project in the Metallurgian mahdollisuudet 1999–
2003 -Technology programme (Puikko et al. 2004: 10–12).
The way the accuracy was measured was used in the case A business unit for
business development. The accuracy measurement was inputted manually into a
spreadsheet into the corporate R&D database in requested exactness for different
product routes and groups. Manually, because the computerized management
information system had only the simplest aggregate functions available. The
standard deviation and the cumulative distribution functions were missing.
(Puikko et al. 2004, Puikko 2004.)
The rest of the case A operating factors were already available in the system,
although too robustly (Puikko 2004). This study accentuates the missing Decision
Support System fidelity and the sound operating factors data. For managerial use,
the operating factors need to be simple, relevant, easy to use and most of all,
scalable (Kasanen et al. 1993: 259).
Finally, the cases B–F were examined for the scope and applicability of the
constructed method according to Kasanen et al. (1993: 246). This study result, the
exact management method for demand driven, industrial operations, does work in
the scope of examined business, industry, and supply chain. The four tests to
judge the research quality of the case study research are summarized in Table 26
(Yin 2002: 33–39).
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Table 26. The quality of the research design.
Design Test

Case Study Tactic

Impact

This study response

Construct validity Chain of evidence

data collection

Figure 49, 60 and 61 with Table 13

Internal validity

Explanations, Logic models

data collection

Sub-Chapter 2.5 along case A

External validity

From theory to replication

research design Sub-Chapter 3.3 and 3.11

Reliability

Repeatability

case studies

a working method in this study cope

The constructed validity is the correct measurement for the concepts being
studied. This study focused on product flow diagnostics and the contribution is a
quantitative management method. The most in-depth study case A was
implemented and followed up by defined operating factors. The evidence for the
construct validity is presented in the simplest way in Figure 49. Table 13 with
Figures 60–61 verifies this evidence. The optimal inventory level, estimated by
the study method, is reasonable and attainable when the production is under
management control.
The internal validity is the main dilemma in defining the constructed
method’s operating factors. The case study operating factors were defined by
productivity and product flow diagnostics along the case study A in Sub-Chapter
2.5. A successful analysis, beneficial results and successful implementation
verifies the internal validity.
The external validity discusses the problem of generalization. The
generalization is validated by case studies B–F in different industries and at
different managerial levels. A working construction of the scope of the case
studies does verify the external validity in cross-case analysis in the Sub-Chapter
3.11.
Reliability means repeatability in the constructed method. The researcher
repeated the method in cases B–F with success. The handicap may have been in
the method documentation, but the researcher did his best to simplify the method
for usability and popularity.
4.3

Implication

Shared exact target with relevant operational information to enable the supply
chain synchronization similar to the sequential scheduled industrial operations
presented in the study. The Forrester effect is a problem in a supply chain, but in
the synchronized Make-To-Order operations such effect does not exist. In the
synchronized Make-To-Order operations, the Forrester effect indicate too low a
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safety stock level, too short a batch or a lot size measured in time units, or
incompetent control. In the synchronized Make-To-Order operations, the
estimated safety stock acts as a delay upstream and each delay is planned
sufficiently to absorb the Forrester effect (Bender & Riezebos 2002,
Dejonckheere et al. 2003).
In each case, the operational target is the streamlined, optimal frontier as
pictured in the Figure 24. The second target is highlighting the technology and the
planning constraints for improvements, and the overall target shortens operations’
lead time and improves flexibility for competitiveness.
In the most operational cases A and B, at least one week reduction in lead
time is attainable. In the case D, at least a day reduction in lead time is attainable.
In the case E, the reduction is even more, at least two weeks, but with such coarse
data, more specific conclusions are hypothetical.
The case C production was totally out of managerial control and industrial
actions prevented quantitative analysis. The purpose for the study in case C and F
is to illustrate the production in the supply chain context, for performance
analysis and for operational logistics development. The benefits of the improved
operational logistics in the cases A, B and D are estimated in Table 27.
Table 27. The cost effect of this exact operations management.
Case Inventory reduction (1/a)

Price (e)

Contribution (e)
2

Interest rate (%)

52 000 000

25

Annual saving (e)

A

26 000 000

13 000 000

B

35 000 000

0.5

17 500 000

25

4 375 000

D

600

200 000

120 000 000

25

30 000 000

In material flows A, B and D the benefit in financial terms is 17.5–120 million
EUR in sales plus annual savings of 4.375–30 million EUR in capital costs. The
direct sales increase and equal savings in annual capital costs give reason to
improve the industrial operations management.
The estimated target inventory is attainable only when the operations
variation is within the limits of the planning periods. Case A timely accuracy is
far out of the planning periods and the cause is stockout before attaining the
streamlined optimal inventory level in Figure 49. The managerial options in such
case are either to lengthen the planning periods or to manage operations more
exactly.
Exact measures enable exact control and precise target setting. Task control in
cases D, E and F is made incompetent by lot control. Especially the case E lot size
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is far too long in duration, to be able to control in-hand production. A lot control
with a fixed lot size in case D forces measurement fundamentals to Poisson
distribution. With a random lot size in the case E, the distribution is more natural.
The natural distribution indicates a well implemented production control, but
the variation needs to be measurable and within the set limits. For an example, a
precise task control, used in cases A and B, accumulates as such into each
production run, production line, stage of operations, planning periods, corporate
level and supply chain scale.
Theoretical implication
This study does support the theory of Just-In-Time operations, Lean philosophy,
and quality management with zero defects thinking. Also the problems due to
Forrester effect are evident.
To overcome Forrester effect, this study fosters benefits due to cooperation
and collaboration in the supply chain. In practice, the operational synchronization,
streamlining and supply chain wide scheduling eliminates the Forrester effect.
This study does agree that price recovery prevents financial approaches to
define exact linear operational target for goal programming. This study states that
productivity is the core theory to conduct financial targets into a linear operational
cost function for goal programmed scheduling and dynamic control.
This study verifies that supply chain management is operations management.
The industrial operations management practices does work with supply chain,
especially with operational logistics and materials management. Also the logistics
product flow has analogy in industrial operations.
Concerning scheduling, this study fosters linear goal programming in an open
flow shop and in open job-shop operations. Flow shop operations and job-shop
operations are typical operational forms in a supply chain scope.
This study does discredit postponement strategy and fosters demand driven
operations. Postponement brings out forecasting problems, gaming, speculation,
obsolete production, shortages and Forrester effect.
Fuzzy approaches, such as process thinking, do not work well in the context
of supply chain management. System theoretical controllability engineering
approach with productivity does simplify the research dilemma better. Added to
this, system theoretical thinking does fit with linear goal programming more exact.
This study forms a minimum number of operating factors to analyse demand
driven, industrial operations. The benefits are in exactness and in simplicity. With
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this study method the five operating factors does provide a holistic managerial
view into examined operations and also a precise controllable target for decisionmaking levels. To simplify: with this method the black box in the middle of
industrial input – output system has now a productivity window for management.
Managerial implication
This study details industrial operations management. This study method
constructs a one-shot Decision Support System and deduces streamlined, optimal
target up to technology and planning practice extreme for the case operations.
By means of the study, the industrial operations performance is calculable
from single task into supply chain extent. The strategical target is inline with task
target, the management is precise, and the control is in touch.
In demand driven operations, the decrease in inventory, due to the improved
operational logistics increase sales directly. The decreased amount of working
capital is saved annually and the increased liquidity contributes in
competitiveness. Productivity improves when there is less work-in-process with
the timely operations. With short lead time, the product quality is better.
4.4

Further research

This study does not outline the stage of operations to change strategy from JustIn-Time operations to postponement in industrial operations. Also the right
operations strategy for the different stages of the product life cycle is left open.
In regards to different operations, the price seems to affect timely accuracy.
The analysed data is not adequate for such research, but the question is stated:
does the real and learned value of the product have an effect on the accuracy.
Despite the sophisticated information systems and available technology, the
core data for the product flow diagnostics is missing in most of the cases. Is this
exact information too painful for management? Is fuzzy information a remission
of miserable performance? Or is the operations management know-how lacking in
the management systems design.
In the context of a supply chain, partners may change rapidly. Is it worthwhile
to invest in sophisticated information systems? At least the simplicity
development has value despite the system or network.
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Appendix 1. Case A flowchart
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Fig. 1. Case A production flow.

Appendix 2. Case A timely accuracy monthly
Skewness
Year
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2

3

Kurtosis

Month

Mean

Std. Deviation

Statistic

Std. Error

Statistic

Std. Error

1
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17,2
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0,0
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0,0
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16,4

-0,1

0,0

2,0

0,1

9

2,2

14,2

0,2

0,0
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0,0

10

6,0

12,2
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0,0

4,7

0,0

11

5,6

11,3

0,1

0,0

4,9

0,0

12

8,7

14,2

0,0

0,0

2,6

0,0

1

7,6
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0,0
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2
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3
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3,2

0,0
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0,0

4

1,8
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5
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12

6,3
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7,9

0,0
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Std. Error

1
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Appendix 3. Case B timely accuracy by routes
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Fig. 1. Coil production timely accuracy with normal curve.
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Fig. 2. Downstream operations timely accuracy with normal curve.
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Fig. 3. Finished products timely accuracy with normal curve.
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Fig. 4. Pickled products timely accuracy with normal curve.

206

14

Summary Statistics
Mean accuracy
Tasks completed

12

-2
101188

Percentage of days

10

8

6

4

2

0
-50 -46 -42 -38 -34 -30 -26 -22 -18 -14 -10 -6

-2

2

6

10 14 18 22 26 30 34 38 42 46 50

Days in hand

Fig. 5. Plate products timely accuracy with normal curve.

12

Summary Statistics
Mean accuracy
Tasks completed

-4
53316

10

Percentage of days

8

6

4

2

0
-50 -46 -42 -38 -34 -30 -26 -22 -18 -14 -10 -6

-2

2

6

10 14 18 22 26 30 34 38 42 46 50

Days in hand

Fig. 6. Strip products timely accuracy with normal curve.
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Appendix 4. Case B daily operational flow rate
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Fig. 1. Melting stage throughput deviation with normal curve.
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Fig. 2. Hot rolling stage throughput deviation with normal curve.
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Fig. 3. Downstream operations stage throughput deviation with normal curve.
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Fig. 4. Coil production stage throughput deviation with normal curve.
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Fig. 5. Finishing stage throughput deviation with normal curve.
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Fig. 6. Pickling stage throughput deviation with normal curve.
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Fig. 7. Cutting stage throughput deviation with normal curve.
60

Summary Statistics

percentage of daily throughput in tons

50

Mean capacity

582

Days completed

353

40

30

20

10

0
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

throughput

Fig. 8. Slitting stage throughput deviation with normal curve.
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Appendix 5. Case F operations cycle time
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Fig. 1. Case F component stock cycle time monthly.
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Fig. 2. Case F component stock cycle time weekly.
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Fig. 3. Case F distribution centre cycle time monthly.
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Fig. 4. Case F distribution centre cycle time weekly.
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Fig. 5. Case F retailer warehouse cycle time monthly.
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Fig. 6. Case F retailer warehouse cycle time weekly.
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Fig 2. Operating factors regression analysis weekly.
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