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I dentifying the causes of the bullwhip effect by exploiting control block diagram manipulation with analogical

reasoning
Abstract

Senior managers when solving problems commonly use analogical reasoning, allowing a current ‘target problem’
situation to be compared to a valid previous experienced ‘source problem’ from which a potential set of ‘candidate
solutions’ may be identified. We use a single-echelon of the often-quoted Forrester (1961) production-tigstribu
system as a case ‘target model’ of a complex production and inventory control system that exhibits bullwhip. Initial
analogical reasoning based on ‘surface similarity’ would presuppose a classic control engineering ‘source model’
consisting of a phase-lag feedback system for which it is difficult to déevieansfer function. Simulation alone would
have to be relied on to mitigate the bullwhip effect. By using z-transform block diagram mionpatee model for a
single-echelon, consisting of 17 difference equations with five feedback loops is shown to haveataggta Burns
and Sivazlian’s (1978) second order system that has no feedback. Therefore, this more apgsate ‘source model’ is
based on a deeper understanding of the ‘behavioural similarities’ which indicates that the bullwhip effect is not in the
case of the ‘target model due to feedback control but due to a first-order derivative, ‘phase advance’, term in the feed
forward numerator path. Hence a more appropriate 'candidate solution' can beddahedige of a 'recovery' filter. An
interdisciplinary framework for exploiting control engineering block diagmaanipulation, utilising analogical

reasoning, in a practical setting is presented, as is an example in a contemporary supplifingain se
Keywords: (P) Systems dynamics, Forrester effect, system simplification, z-transfouatisim
1 Introduction

Forrester’s (1958, 1961) seminal work on Industrial Dynamics is still cited to this day as an explanation for, or used
synonymously with, thébullwhip effect’ (e.g. in EJOR, Zhang & Burke, 2011, Ma et al., 2015, Wang and Disney,
2015). The ‘bullwhip effect’ is the phenomenon by which variance in the order flow increases upstream from one
business to the next in the supply chain (Croson and Donohue, 2006). Lee et al. (1997a, b)dirshedierm and
suggested a number of categories for the causes of bullwhip including demandpsigeaking, order batching,
inventory rationing, and price fluctuations. The former is also termed the leoiEésict (Towill, 1997) and is attributed
to the structure of an ordering system, the combination of decision rules, materiafcandtion delays, feedback
loops and nonlinearities present in the system. The original Forrester paper (1958) and ¢uesutese book (1961)
formed the foundation for Industrial Dynamics, or what is now termed System yg)ahe school of thought that
relates system structures to dynamic behaviour in organisations. A fundamerwipleooh System Dynamics is that
“feedback theory explains how decisions, delays, and predictions can produce either good control or dramatically

unstalbe operation” (Forrester, 1958).

Gary et al. (2008) note that the use of system archetypes to understand problems and find solutiooghelasesdf

analogical reasoning (AR) (Gavetti and Rivkin, 2005). AR has been studiel$ystem Dynamics arena by Gonzalez



and Wong (2011). They undertook experiments into how decision makers draw analogies between laitferen

apparently similar stock and flow problems and how they differentiate between surface andubehsiwilarity:

“surface similarity iS based on the mere appearance between two objects, whereas behavioural Eraagtyon the

function, matching relations, and final goal of the problems even when they do not appear to be similar.” (Gonzalez and

Wong, 2011)

As Gavetti and Rivkin (2005) point out more generafffpangers arise when strategists draw an analogy on the basis
of superficial similarity, not deep causal traits”, that is, there is reliance on what is termed ‘surface similarity’. But as
Forrester himself noted in an intengie “The trouble with systems thinking, is it allows you to misjudge a system. You
have this high-order, nonlinear, dynamic system in front of you as a diagram pagfe You presume you can
understand its behaviour by looking at it, and there’s simply nobody who can do that” (Fisher, 2005). This reinforces
Richardson’s (1991) argument that simple visual inspection of causal loop diagrams to determine system stability is

insufficient and deeper understanding of the underlying control mechanisms is required.

Our research therefore covers the interdisciplinary space that brings totje#es disciplines, namely, General
Management, as per Gavetti and Rivkin (2005), System Dynamics, (e.g. Gary et al., 2008) and Caoméeligops

typified by Wikner et al. (1992). While, from an Operational Research peiksnesystem Dynamics was originally
considered to lack methodological rigour, as discussed by Sharp and Price (198é)yviaicommonly utilised method
(e.g. Saleh et al., 2010). The latter has strong foundational contributions to @@émagsearch studies of inventory
control systems (e.g. Vassion, 1955) and is still of value to the present (e.g. Dejoneklabe2004, Spiegler et al.,
2016). Our approach to methodological unification is commensurate with modern day manadetenges that
brings together “a wide variety of disciplines such as OM [operations management], OR [operational research] and
systems dynamics” and may be branded as many different names including “supply chain, OM, management science,

industrial and production engineering and OR” (MacCarthy et al., 2013).

In deriving our interdisciplinary method, we use the Forrester (1961) model as exaagsde of what at first sight
seems a highly complicated production and inventory control system. As the Forrester snoftehiquoted
synonymously with the ‘bullwhip effect’ then it seems reasonable to use it as a classic reference, as done by Wikner et

al. (1992) and more recently Spiegler et al. (2016), by which to teshnewaiions in mitigating the ‘bullwhip effect’.
Also, given the fact that Forrester himself criticised the superfigsalal inspections of feedback systems, it seems

highly appropriate to use his seminal model as a reference.

The original Forrester (1961) model, was documented as series of simulation equations which vee estsyrcfoss-
referencing and as given in Appendix 1. We do not show all the equations for all echemrsuthesther, in
exemplifying the control engineering approach, we utilise the equations foctbe/favarehouse echelon to develop a
z-transform representation as in Figure 1 a). It would be extremely Hitbaelate the original simulation equations
to Figure 1 b), and even with a cursory glance the model of Figureobkd,domplicated and, from a surface similarity
visual comparison, still totally different from Figure 1 b). If we now tryuse control engineering criteria to have a
more analytical comparison we then have Table 1. Hence, surface similarity singgegtsy different systems with
no analogy. Using a system simplification approach originating in hardware cemgiokering (Biernson, 1988) and

subsequently exploited by Wikner et al. (1992), using the Laplace s-domain, to developed @ergduiear, time



invariant representation of the Forrester (1958) decision ordering rule, vehovil the analogy of Figure 1 a) with the
Burns and Sivazlian (1978) of Figure 1 b).

In this way our aim is to develop an interdisciplinary approach, exploitingatangineering in an AR context, in
production and inventory control system design so as to understanding the causes of the ‘bullwhip effect’, a symptom

of the system's dynamics, and a precursor to its reduction / elimination. Hence ide grewbasis for future research
in Operational Research in providing robust and structured approaches to AR ZKI06). Also, by using control
engineering within an AR context we then seek to avoid the inherent dangexgthaty quantitative approach will
not be usable by decision makers (Akkermans and Bertrand, 1997). We will furthathshpetential of our integrated
approach for other general supply-chain modelling problems by applying it in a contemporary setting.

2. Control engineering design of a complex production and inventory control system using analogical reasoning

We use Gavetti and Rivkin’s (2005) suggested three steps for the development of AR in management decision making.

These are;

1. Target model the observed or current situation / problem to be addressed is identified, documemied aliet.

2. Source model(s} through direct / indirect experience considers other settings and, through a process of similari

mapping, identifies a setting that displays similar attributes, such as archetypes and basnchmar

3. Candidate solution(s) from the source model an actual, or potential, benchmark solution is identified.

2.1 Target model. This is the Forrester (1961) model of the factory-warehdedeneas given by the equations
and associated notation of Appendix 1. A fuller description of the meaning of @teonatan be found in Forrester
(1961) and their relationship with control engineering notation in Wighak. (1992). The latter translate the simulation
equations into causal loop diagrams before deriving the Laplace block diagram represerdetiore gb directly to a
block diagram representation as given in Figure 1 a), using z-transform nadt@oommensurate with the modelling
approach utilised by Burns and Sivazlian (1978) and others (e.g. Popplewell and,B&@8Wy z notation has more
recently been utilised in operational research, analysing the bullwhip effecethy ordering replenishment rules
whether at the unit of analysis of a single-echelon (e.g. Disney et al., 2006}iestagé supply chains (e.g. Agrawal
et al., 2008). A fuller description of the formulation and use of bloagrdms and the z-transform may be found in
Nise (2011). Appendix 1 explains how the z-transform notation relates to the originkt&imequations.

Simply looking at the block diagram ‘as is” would suggest the following;

e There exist the basic building blocks for a generic system archetype; feestioakk, and flows, policies or
decision rules, and lags or delays.

e There are a number of feedback loops and delays.

e The feedback loops are monitoring systems states or the stocks in the system.

o The feedback loops influence the ordering deciditip, that is, the manufacturing rate.

e The feedback loops are balanced, suggesting a homeostatic system, which are alsdduggashing the

three-echelon simulation.

If the above ‘surface similarity” deductions are to be believed then intuitively a manager would be looking to solve the
problem traditionally associated with a phase-lag, or delayed response, system deduthiathip solution lies with

proportional control / phase-lead compensation. The relative complexity of the bdgecirdisuggests that it will be
3



difficult to derive the transfer function and any quantitative analysis would baedyton simulation alone. Also, the

complexity seems quite unique, again posing difficulties to identifying analogous poodanti inventory control
systems with potential candidate solutions.
To better grasp ‘behavioural similarity’ the next step is to undertake a simplification procedure in order to understand

the underlying mechanisms. We follow a similar procedure as given by Wikner et al. (1992), whichrepsioed®on
of their work in the Laplace s domain using the alternate z transform method, ghetrasn Appendix 2. The

simplification yields Figure 2.
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Figure 1: a) Forrester (1958, 1961) model in block diagram z notation form and b) Burngaahdr5{1978) model

- all parameters and variables will be explained later in the paper



Criteriafor comparative Forrester (Figure 1a) Burns and Sivazlian (Figure 1b
purposes

Number of variables 17 5
Number of feedback loops 8 0
Number of parameters (total) 9 3
Number of first order lags / 0 2
delays

Number of second order lags / 0 0
delays

Number of third order lags / 2 0
delays

Number of integrators / stocks 5 1
Number of time varying 1 0
parameters

Number of continuous non- 2 0
linearities

Number of discontinuous non- 2 0
linearities

Ease of transfer function Low High
formulation

Table 1: Control engineering comparison of the two systems shown in Figure 1.

If required, we can reinstate other variables of interest, sukh @sSS but for the purposes of identifying IE/IhDe target
model herein and the subsequently identified source model then EBilgigiaights the relationship of interesﬁ. It

can be clearly seen from Figure 2 that the system contains no linear state feedbackl{gi(tpgrﬁi@hewhich consists

of two components; the actual orders receiRiRland a safety component, (DR(z-D +2)(DI (z-1) +2) . That

is, the system states, given I#y, inventory actual levels, ard\, pipeline orders actual in transit, do not affect the
ordering rule and hence have no impact on the ‘bullwhip effect’. Without this insight, considerable time and effort may
be wasted by decision makers on exploring, say through protracted System Dynamics simulation studies, tifie impax

reducing pipeline leadmes and/or adjusting inventory feedback rules on the ‘bullwhip effect’.
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Figure 2. The z-transform simplified representation of the Forrester (1958) model.

2.2 Source modeHere we note that the block diagram of Figure 2 and the principle of ‘real’ plus ‘safety’ orders

has direct analogy with the model developed and analysed by Burns and Sivazlian\@8lg8Burns and Sivazlian



(1978) used a flow graph and different notation (J7as in Figure 1 b), Figure 3 a) shows the equivalent block diagram
representation.
The terms used in Figure 3 a) a?é(,”) = order placed in week m%f(") = order received in week n, ¢ = number of

weeks of inventory ownership desired, f = hedging coefficient

Immediately it can be seen that Figure 3 a) resembles Figure 2 ithéhatder decisionl,"(n) , consists of two
components. The upper path is the order recei%a,) , while the lower path is an additional component that aims to
compensate for lags in the system and adjust inventory. The lower path conaistsnatber of functions that are, in
order from left to right: exponential smoothing, with parameter a; a second exponential smoothing function, with
parameter f; differencing; and a constant]ence we can immediately deduce that there is ‘surface similarity’ between

the Burns and Sivazlian (1978) model and simplified Forrester model of Figure 2.

. +
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z z z — 1
>DRz— 1)+ 2 DIz —1) +z > >
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Figure 3. The Burns and Sivazlian (1978) model a) and its rationalisation, via b), to the modéértc)

Figure 3 b) is the manipulation of the functions to get them in the form of z rather'thiEimen, making the following

correlations between terms used in Figures 2 and13;
a =

D
1+ %f (1)
(o1
~ 1. DI
1+ AT (2)
c=K ...(3)
=1 o))

we derive Figure 3 ¢) which can be further reduced to be exactly equivalent to Figure 2.

This is an important result. We have now found ‘behavioural similarity’ between the Burns and Sivazlian (1978) model
and the Forrester model (1961). The AR would not have been identified if the origiresitéomodel had been retained
6



especially in the form of the simulation equations of Appendix 1 and even in the form dafythal dock diagram as

shown in Figure 1 a).

Triangulating analytical approaches to verify the similarity between thiedter (1961) and Burns and Sivazlian (1978),
models, Figure 4 a) shows thiD unit step response comparison between the Wikner et al. (1992) and Forrester (196:
block diagram unit step responses using the MATLAB Sim€istftware package, and the Wikner et al. (1992) / Burns
and Sivazlian (1978) model inverse z-transform into the time domain using the Math€saiticare package.

The derivedimnsfe? (fORtON INZAS: DI + K )+ z(~ 2DR- DI —~ DR-DI — K )+ DR: Dl
RR  Zz*(DR-DI + DR+ DI )+ z(- 2DR- DI — DR- DI )+ DR- Dl .5
For the parameter settings established in the original Forrester (1961) simastioné. K = 9, DR = 8, DI = 4, the
unit step responses are exact. This indicates that in the original Fomestel; for the value of AL used, the non-
linearity established by the CLIP function never constraints MD. Figure 4 b) sheWws deviation step response for
the original Forrester model, which has DF as a time varying parameter, and comidr¢hié Wikner et al. (1992)
model which can only be calculated by reinstating MO, SR, UO and S@.shbwn is the Forrester model with time
varying parameters kept fixed and the non-linearity set by the CLIP functionssetha high level that it does not
constrain SS. It can be seen that the latter directly mimics the Wikner et al. (1992 ABdir®@ivazlian (1978) model.

Figure 4 therefore suggests that even the time varying feedback that is presant dfest the ordering decision MD
and hence does not influence the bullwhip effect. This is true also when the non-linearity alsms@®Stra

2.3 Candidate solution. Our simplification in Section 2.1 and analysis in Section 2suggests the following

properties associated with the Forrester model;

e There is no significant feedback into the ordering decisitih,

e There is a differencing term in the numerator of the transfer function wghiblke cause of the bullwhip effect
and not any linear feedback loops.

e We should expect a phase-lead and not a phase-lag system

e |tis easy to derive the transfer function. Hence, the model is mathenydtigetfble with simulation as support.

e The Forrester model has ‘surface similarity’ and ‘behavioural similarity’ with the Burns and Sivazlian (1978)

model. Hence, a candidate solution will be found in Burns and Sivazlian (1978).

Burns and Sivazlian show selected unit step, random and sinusoidal responses to highlight thebéyaainiar of
one-, two- and sixchelon systems, which exhibit the ‘bullwhip effect’. Using numerical frequency response analysis

they suggest filtering approach so as to filter out unwanted ‘false orders’ in the lower path of Figure 3 c¢) while allowing
‘legitimate orders’ to pass through. The ‘false order’ is created by the differencing term, Z;—l, a form of forecasting

based on the rate of change. In hardware control engineering terms this generveddiskittavn “phase advance”, or
predictive component (Truxal, 1955). While this has advantages when it comesritory replenishment, in essence

ordering in advance to ensure stock availability, we now see that there must be some consteaih®g2)rt

We do not replicate the analysis already undertaken by Burns and Sivazlian (1978). Inssbaev\lee frequency

response of the system graphically using discrete time bode plots given in Figure 5 which are thesedserwhen c

=9,a=0.111,f=0.2, i.e. again for the original Forrester test condition when KOR®; 8,DI = 4. Burns and Sivazlian,
7



T, =2r
weeks. For the chosen parameter vaIJ@sf 40

Figure 5 that the damped natural frequency lies between 0.1-0.2 radian's seetat

using a col' us-time analogue of their model, calculated the natural freqfféncgprresponds to a period of
-
o

weeks. It can be seen from the peak magnitude in
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N weeks.
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Figure 4. Triangulation methods in comparing the Wikner et al. (1992) / Burns and Sivazlianad®@ Ry rester
(1961) dynamic responses (K= 9, DR = 8, DI = 4)

The bode plot also shows that the peak magnitude corresponds with littldgathge the output. While Burns and

Sivazlian, as with other authors who have utilised filter theory in supplp design, focussed on the amplitude ratio

or magnitude characteristics of such systems (e.g. Towill & del Vecchio, 1994, Dejamcihak, 2002, Towill et al.,

2003), due consideration of the phase shift is also needed.
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Figure 5. Bode plots of the Wikner et al.(1992) / Burns and Sivazlian (1978) models (K= 9, DR = 8) DI
4. Conclusion

Now we may propose an interdisciplinary framework, with control engineering aebri¢ and exploiting analogical
reasoning, for identifying the causes of the bullwhip effect, and idergifyotential solutions, as given in Table 2. The
approach has been tested using the Forrester (1961) supply chain as a target mauethdthdoes not assume that
an initial complicated Forrester model will lead to the right AR. By ua#faxg block diagram formulation,
manipulation and simplification, it is possibledgablish the correct ‘target model’ (simplified Forrester model) and
hence identify an appropriate ‘source model’ (Burns and Sivazlian, 1978 model) from which to establish a correct

‘candidate solution’ (using filter theory).

In identifying the causes of the bullwhip effect resulting from complicatedystion and inventory control systems
the method establishes behavioural similarity and not just surface symilaitunderstanding the underlying

mechanisms that lead to a particular dynamic behaviour.

The method developed contributes to an interdisciplinary approach as it utilises eoginelering, supported B\R,

to gain insights into the underlying mechanisms to system dynamics problems andhgreuiditions. While the
research has utilised an often-quoted model to highlight the utilisdtaoblock diagram simplification approach, and
AR a second contemporary example, namely the Intel supply chain, to test the approacedimgtigsipaper is given
in Appendix 3. Hence, our method can be potentially used to make a bridge betweeitdheockpractical modelling
approaches. Further empirical testing of our approach given in Table estdyfor future research, especially
through empirical studies as suggested in Appendix 4, which would enhance its credipii#gtical problem solving
situations. Such future research need not be constrained to just the bullwhip effestilalibstextended to solve other

supply chain dynamics phenomena such as rogue seasonality, ripple effect, invent@myddniftentory variance,



among others. Also, the development of more formal rules to compare and contrast target and source Irbedgfls wil

interest to the Operational Research community.

Identify correct

target model
Identify an
appropriate
sour ce model
Establish a

correct candidate

solution

Based on just a visual comparis
between figures 1 a) and 1 b), that
merely ‘surface similarity’ comparison,
there is no analogy between ¢
Forrester and Burns-Sivazlian modeg
Figures 1a illustrates a complex mog
with several feedback loops, delays 4
decei

that th

nonlinearities, which can

designers into believing
bullwhip problem is associated with
phase-lag, or

delayed resporn

‘Behavioural  similarity’, requiring

block diagram manipulation an
simplification, (comparing Figures 3
and 3 c) subsequently reveals anal
between the simplified Forrester a

Burns-Sivazlian models.

Without simplification it would not havq
been obvious that the Burns a

Sivazlian’ model is analogous.

Root cause for bullwhip effect: firs

order derivative in the feedforward pa

Surface similarity alone may have led

incorrect conclusion regarding tf
impact of feedback control. Behaviout
similarity, revealed via simplification

gives new insights to potential solutior

Candidate solutions to bullwhip effeq

Filter theory, as in Burns and Sivazli
(1978).

Based on just a visual comparison between Fig
A3.1 and A3.3, that is merely ‘surface similarity’
comparison, there is no analogy between the Intel
IOBPCS family models. ‘Behavioural similarity’,
requiring block diagram manipulation ai
simplification, (comparing Figures A3.3 with A3
and A3.6) subsequently reveals direct anal
between the Intel (pull mode) model with t
VIOBPCS, but some similarity between the In

(push mode) model with the APVIOBPCS.

Without simplification it would not have bee
obvious that the IOBPCS family of models

analogous.

Root cause for bullwhip: feedback loops and delg

Surface similarity alone may have led to over relia
on simulation alone with a trial and error approac!
finding solutions to the bullwhip effect. Behaviou
similarity, revealed via simplification, gives ne
insights to known solutions from, as well as revea
an addition to, the IOBPCS family.

Candidate solutions to the bullwhip effe!

Conservative parameter settings from Edghill (19
and adaptations of John et al. (1994).

Table 2. An interdisciplinary framework, exploiting block diagram formulatiahraanipulation with analogical

reasoning, for mitigating the bullwhip effect

1C
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