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GRAPHIC METHOD FOR MODELING MATERIAL FLOWS
IN SUPPLY CHAINS

Estimation and optimization of material flows is one of the pivotal tasks in supply chain manage-
ment. In order to solve it, various analytical and simulation models are utilized, and for each specific
type of model, both advantages and disadvantages are known. For analytical models, the compactness
of the outlook and universality of application are characteristic, however they usually reflect many real
processes in real supply chains very approximately. Additionally, almost all analytical models are static,
namely they do not display the dynamics of processes in time. In simulation models, on contrary, real
processes may be displayed as detailed as it is desired. However, the development and use of such
models is combination with large expenses in time and financial resources. This paper reports on a class
of dynamic models for processes in supply chains with material flows and stock levels are displayed as
so-called Quantity-Time Diagrams (QTD). Such diagrams are used not only for graphical display of actual
or planned processes, but also for the numerical calculation of new processes considering data on re-
lated processes, the characteristics of which are assumed to be specified. QTD-based models reflect the
dynamics of processes in supply chains, but their development and use are distinguished by significantly
lower costs in comparison with those that are typical to work with simulation models.

Key words: Supply Chain Modeling, Material Flow, Quantity-Time Diagrams.

Toayes 1O.
T.F.A., npoceccop, OpayHroep eHAIPICTi ybIMAACTBIPY XKaHe
ABTOMATTAHAbIPY MHCTUTYTbI, [epmanns, Maraebypr K.
Keaik »eHe 6anAaHbIC MHCTUTYTbI, AaTBus, Pura k., e-mail: juri.tolujew@iff.fraunhofer.de

XKababikTay Tiz0ekTepiHAeri MaTepraAAbIK, aFbIHAAPADI
MOAEAbAEYAiH rpathMKanbIK dAICi

MaTepuranablk, aFbiHAAPAbI 6aranay >oHe OHTaMAAHAbIPY >ababikTay Ti3beriH GackapyAblH
Heri3ri MiHAeTTepiHiH 6ipi GOAbIN TabblAaAbl. OHbl LWewy YiliH aHAAUTUKAABIK, KOHE UMUTALMUSIABIK,
MOAEAbAEPAIH BPTYPAI TUMTEPi MaiAaAaHbiAaAbl >koHe 8p6ip MOAEAbAIH apTbIKLWbIAbIKTAPbl MeH
KemulinikTepi GeAriAi. AHAAMTUKAAbIK, MOAEAbAEPre Mpe3eHTauusl TYPIHIH bIKIIAMADIAbIFbI JKaHE
KOAAQHbIAY oM0OebanTbiFbl ToH, 6Gipak, oAap, 9AeTTe, HakTbl >kabAblKTay TizbekTepiHAeri kenTereH
npouectepai xobaran kepceteAi. CoHbIMeH KaTap, 6apAblK, aHAAUTUKAABIK, MOAEAbAEP CTaTMKAAbIK,
6OAbIN TabbIAAAbI, SIFHU OAQP YaKbIT KEHICTIriH 6ararai aAManAbl. MIMUTAUMSIAbIK, MOAEAbAEPAE HAKTbI
npouecTepai erxei-Terkenai kepcetyre 60Aaabl, Gipak, MyHAAM YATIAEPAI 83ipAey >KeHe nanaaraHy
YaKbIT MeH Kap>Kbl PecypCTapbiHblH YAKEH LWbIFbIHAQPbIH KaXeT eTeAi. Makarasa >kabaplkTay
TizbeKTepiHAEri AMHAMMKAABIK, MOAEABAEPAIH >KaHa KAACCbl CUMATTAAFaH, OHAQ MaTEpPUAA aFbIHAAPDI
MeH kopAap «Quantity-Time Diagrams» (QTD) TypiHAe kepceTireai. MyHAal amarpammanapabl
TeK KOAAQHbICTaFbl HEMeCe >KOCMapAaHFaH MpouecTepAi rpadukablk, KepceTy YIUiH FaHa emec,
COHbIMEH KaTap cunaTTamaAapbl GEAriAi KepLirec npouecTep TypaAbl AEPEKTepre Heri3AeAreH >aHa
NpoLEeCTePAi CaHAbIK, eCenTey YiliH Ae nanaaraHyra 6oaaabl. QTD HeriziHAeri MoaeAbaep KabAbIKTay
TizbeKkTepiHAEri MnpouecTepAiH, ceprniHiH kepceteai, 6ipak, oOAapAblH AaMybl MeH KOAAQHbIAYbI
UMMTALMSIABIK, MOAEABAEPMEH >XXYMbIC iCTeyre ToH epekKLUeAiKTEPMEH CaAbICTbIPFAHAQ alTapAblKTan
TOMEH LUbIFbIHAAPAbBI KAXKET eTeA|.

Tynin ce3aep: xababikTay Ti30eriH MOAEAbAEY, MaTEPUAAADBIK, aFbiH, YAEPIC AMarpammach.
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I'pachuueckmii MeToA MOAEAMPOBAHUS MaTePUAAbHbIX MOTOKOB
B LLensiX MOCTaBOK

OueHka ¥ onTUMM3aLLMs MaTePUAAbHbIX NMOTOKOB SIBASIETCS OAHOM M3 OCHOBHbIX 3aAa4 YNpaBAEHUS
Liensamum nocTaBoK. AAS €€ peLleHUs MPUMEHSIOTCS PasAMYHbIe TUMbl aHAAUTUYECKMX U MIMUTALLMOHHbIX
MOAEAEN, MPUUEM AAS KQXKAOFO TUMA MOAEAEel M3BECTHbI KaK ero AOCTOMHCTBA, TaK M HEAOCTaTKM.
AAS QHAAUTUMUECKMX MOAEAEN XapaKTePHbIMU SBASIOTCS KOMMAKTHOCTb (DOPMbI MPEACTABAEHUS M
YHMBEPCAAbHOCTb MPUMEHEHUS, HO OHM, KaK MPaBUAO, AMLLIb OYEHb MPUOAMBUTEABHO OTOOpaXKkaloT
MHOrMe MpoLLecCbl B peaAbHbIX LiensxX NMocTtaBok. Kpome TOro, mouTtu BCe aHAAMTUYECKME MOAEAU
ABASIOTCSI CTaTMUECKMMM, T.e. B HMX He OTOOpaxkaetcs pasBuTME MPOLECCOB BO BpemeHu. B
MMUTALMOHHBIX MOAEASIX PeaAbHble MPOLECChl MOryT ObiTh OTOOPaXKEHbI Kak YrOAHO AETAAbHO, HO
pa3paboTka M UCMOAb30BAHME TAaKMX MOAEAEN CBSA3aHbl C GOAbLLMMM 3aTPaTaMu BPEMEHU U AEHEXKHbIX
pecypcoB. B paboTe onu1cbIBaeTCS HOBbIN KAACC AMHAMMUYECKMX MOAEAEN MPOLIECCOB B CETAX MOCTABOK,
B KOTOPbIX MaTe€pPMaAbHble MOTOKM M 3anachl B HAKOMUTEASX OTOOPAXKAIOTCS B BUAE TakK Ha3bIBAEMbIX
Quantity-Time Diagrams (QTD). Takue aAmarpammbl MOryT ObiTb MCMOAb30BaHbl HE TOABKO AAS
rpachmyeckoro oToO6paXkKeHms CyLLECTBYIOWMX MAM MAQHUPYEMbIX MPOLIECCOB, HO U AASl YMCAEHHOMO
pacyéta HOBbIX MPOLLECCOB HA OCHOBAHMM AQHHBIX O CMEXHbIX MpoLeccax, XapakTepnCcTUKM KOTOPbIX
CUMTAOTCS 3aAaHHbIMU. MoaeAn Ha 6aze QTD oTo6pakaloT AMHAMUKY MPOLIECCOB B LiensiX NocTaBok,
HO MX pa3paboTka M MPUMEHEHMEe CBs3aHbl C CYLLECTBEHHO MEHbLUMMM 3aTpaTamMm Mo CPaBHEHMIO C

TEMM, KOTOPbIE XapakTepHbl AAS PabOTbl C UMMTALMOHHBIMM MOAEASIMM.
KAroueBble cAOBa: MOAEAMPOBaHME Liener MOoCTaBoOK, MaTePUAAbHDBIN MOTOK, AMarpamma rnpotecca.

Introduction

This paper considers general supply chains as
an object of the study. Such general supply chains,
in the structure of which sources (suppliers), sinks
(buyers) and intermediate nodes serving as transport
channels along with warehouses and transshipment
points are defined. The urgent need to analyze and
simulate such systems arises both in connection
with the work on the design of new systems and
with the modernization of current systems. For
instance, as part of consulting or logistics audit.
The pivotal purpose of the simulation is to obtain
numerical estimates of the performance indicators
in the system under consideration for such modes
that have not yet been observed in reality.

Traditional methods for calculating material
flows may be divided into static and dynamic. As
static models, flow models in the form of transport
matrices are used widely (Gudehus et al, 2016).
Models of queuing theory are also considered to
be static (Masek et al., 2015; Bhaskar et al., 2010).
Although the models that belong to this class are
applied to analyze the dynamic processing of
customers, the simulation results (formulas) in the
vast majority of cases refers only to the stationary
mode of operation. They allow a user to calculate
the performance of the system in the form of
average values and do not contain any «dynamicsy.
The optimization models that are defined and
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approached using mathematical programming
methods are also static (Shapiro, 2001). On the other
hand, simulation models based on the processing
discrete events principles (discrete event simulation)
(Law et al., 2000), or continuous models of system
dynamics according to Forrester are dynamic by
their fundamental nature (Sterman, 2000). The
mesoscopic approach is a comparatively new in
supply chain modeling (Hennies et al., 2014).
Although today anyLogistix tool (Ivanov, 2017) is
offered for simulation of arbitrarily complex supply
chains, such models appear relatively seldom due to
the high labor intensity required for their creation
and use (Hicks, 1999; Kumar et al., 2013).

This paper describes a class of dynamic models
of processes in supply chains in which material flows
and stock levels are displayed as so-called Quantity-
Time Diagrams (QTD). Such diagrams are applied
not only for graphical display of actual or planned
processes, but also for the numerical calculation of
new processes based on data on related processes,
the characteristics of which are considered to be
specified (Tolujew, 2003).

Key properties of a discrete material flow

Continuous material flows may be observed in
case of liquid goods transported via pipelines or
bulk goods using conveyor belts. In the following
sections, only discrete flows will be taken into
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account, which are defined as sequences of events,
each of which stands for a certain number of cargo
units, which may contain both piece and liquid or
bulk cargo that appears at a certain point in the
logistic chain. Figure 1 demonstrates loading units
as objects of the material flow Ob.k.m, where k
stands for the designation of the load type, and m
represents the sequence number of the batch arriving
in the flow under consideration. Each batch of the
cargo is characterized by its volume. In the simplest
case, this volume can be measured either by the
number of pallets or other cargo holders included in
the corresponding batch. There are no problems if
the quantity of products, its weight or spatial volume
is indicated for a batch of cargo.

Figure 2 shows an example of a discrete material
flow, in which the number of pallets included in its
composition is indicated for a batch of cargo. Such a
flow can be observed, for example, at the warehouse
entrance, when each event stands the unloading of
a certain number of pallets from the arriving truck.
Using a separate form of presentation of a material
flow, each event is presented as the number of pallets
delivered during this event. The cumulative flow
form is the result of the integration of the separated
flow. Being applied for each event, the total number
of pallets delivered from the time the observation
begins is shown. Figure 2 demonstrates six events
in the warechouse input flow, which resulted in 46
unloaded pallets.

| ob21 | ob22

I Ob1.1 I Ob1.2 ~ Ob1.3 ~ Ob1.4 ~ Ob1.5
, ot T2 T3 4 5
1 >
to t1 t2 t3 t4 t5 t

Ob — material flow object
t — the time the event occurred
T — time interval

Figure 1 — Graphic model of a discrete material flow
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Figure 2 — Representation of the material flow in separate and cumulative forms

The separate form of flow representation is
closer approximated to reality, and the cumulative
form is applied as the basis to calculate the stock
level (see Figure 3). Any storage place for goods or a
transport channel can be treated as a storage device,
which can also be considered as a warehouse, the
entrance and exit of which are separated from
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each other by the transportation distance. Figure 3
shows six events in the input flow of the storage and
three events in its output flow. For both flows, their
graphs are constructed in a cumulative form. The
dynamics of the stock in the storage is calculated as
the difference between the input and output flows,
presented in a cumulative form.
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Figure 3 — The method for calculating the storage dynamics

Design and use principles of Quantity-Time
Diagrams

Figure 4 demonstrates the system for processing
material flows in the form of a queuing system.
Let’s assume that exactly 9 customers come from
source 1 to the system, of which seven customers
are sent to queue 2, and two customers to queue 5.
Thus, the input flow T(1,2) contains seven events,
and the input flow T(1,5) two events respectively.
In Figure 4, both input flows are shown in
cumulative form. Similarly, in the form of flows
T(2,3), T(3,4), T(5,6) and T(6,4), the transitions of
customers between the other nodes of the system
are shown. Nodes 2 and 5 are queues, and nodes
3 and 6 are service stations. All these nodes are
storages, and the dynamics of their contents are
completely determined by the dynamics of the
corresponding input and output flows. Figure 4
shows the situation when the processing of all 9
applications has not yet ended. A full description
of the described situation looks like this:

— 7 customers entered the station 2, 5 customers
exited, and 2 customers are still in the station 2;
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— 2 customers entered the station 5 and exited
immediately after that, thus the station 5 is empty;

— 5 customers entered the station 3 and 4 cus-
tomers exited it, therefore one customer is still pro-
cessed;

— 2 customers entered the station 6 and only one
customer exited it, thus one customer is still processed.

Figure 5 shows the conventional transport
matrix «Static material volumesy. It contains all the
transitions of material objects that should be fixed
at the end of the simulated process. The sums of
the objects in rows and columns of the matrix are
also shown. For instance, the sum in row 1 shows
all 9 objects that came from source 1, and the sum
in column 4 shows all 9 objects that entered the sink
4. Analogously with this matrix, a second matrix is
defined. This matrix contains dynamic processes i.e.
streams with the appropriate number of events in
its cells instead of fixed numbers. A crucial point
here is the ability to show on the main diagonal of
the matrix the processes observed in the stocks of
the system. For example, in cell (2,2) the process
in queue 2 is shown, and in cell (3,3) the process in
station 3 is shown.
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Figure 4 — Material flows in a queuing system
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Figure 5 — Static and dynamic representation of material flows

For the elements of the «Dynamic flows»
matrix, the name Quantity-Time Diagram (QTD)
is used. As follows from the examples discussed
above, there are two types of QTDs, namely
transitions T(i,j) and processes in stocks C(i).
On the one hand, a QTD is the graphic form of
a process representation and, on the other hand,

Output(1) = Flow(1,2) + Flow(1,5) = ‘ff

The dynamics of the current contents
of node 2 can be calculated by subtracting
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a well-structured information array. This aspect
in particular makes QTD suitable for use as
operands in arithmetic, algebraic and functional
transformations (Tolujew, 2003).

For instance, if the total output flow of the source
1 (Figure 4) is to be calculated, processes in edges
(1,2) and (1,5) must be totaled:

Vil

the output flow (2,3) from the
(1,2):

+

input flow
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Stock(2) = Flow(1,2) - Flow(2,3) =

VBA and Excel were used to create a program
prototype, which makes it possible to perform the
following basic operations with QTD:

— addition: the addition of two processes; mate-
rial volume or number of objects is totaled;

— subtraction: the subtraction of one process
from another; the difference in material volume or
number of objects is calculated;

— a-multiplication: multiplication of amplitude;
material volume or number of objects is increased or
decreased;

— f-multiplication: multiplication of frequency;
number (frequency) of events is increased or de-
creased (this operation is used for discrete flows
only);

— t-displacement: shift in time; all events are
shifted in a given time interval;

— t-compression: compression of time; the time
axis in the diagram of a flow is compressed or ex-
panded.

Algebraic equations can be composed and
solved on the bases of QTD. For instance, the current
contents of the area (2+3+5+6) can be calculated as
follows (see Figure 4):

C(2+3+5+6) = C(2) + C(3) + C(5) + C(6) =
=[T(1,2) + T(1,5)] - [T(3,4) + T(6,4)].

Since every QTD exists not only in the form of
a graph but also in the form of an event protocol,
QTD are well suited for the calculation of arbitrary
performance indicators characterizing a process.
These performance indicators can be both statistical
and economic.

On the basis of QTD of type T(i,j), statistical
performance indicators can be calculated for
transportation links of:

— the distribution of time interval between
events (shipments),

— the distribution of cargo volume in a ship-
ment,

— the total cargo volume during an observation
period.

On the basis of QTD of type C(i) statistical
performance indicators can be calculated for the
nodes of:

— stock level distribution,
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— the distribution of time intervals between the
moments of cargo arrival,

— the distribution of time intervals between the
moments of cargo dispatch,

— the volume distribution of incoming cargo,

— the volume distribution of dispatched cargo,

— the total volume of incoming cargo during an
observation period,

— the total volume of dispatched cargo during
an observation period.

In each case, «distribution» is understood as the
result of a statistical analysis comprised of:

— distribution density histogram,

— maximum and minimum values,

— mean value, estimation of mean square devia-
tion and dispersion and

— the interval estimation of mean value.

Using appropriate normative factors makes it
quite easy to calculate all kinds of costs for goods
transportation or storage on the basis of event
protocols and statistical performance indicators.
The individual system of performance indicators,
which considers events not only in material flows
but also in the customer order flows, can be created
on the basis of QTD for any specific supply network
model.

QTD Application in a Supply Network Model

Figure 6 shows the example of a supply
network model that illustrates the opportunities of
applying QTD as an instrument for independent
process modeling. In this supply chain, sources 1,
2 and 3 represent the goods suppliers of type A, B
and C. Nodes 4, 5 and 6 represent corresponding
transportation links, i.e. their current contents are
equal to the volume of goods in transit. Node 12
is an abstract node introduced in the model only
to estimate the total volume of goods in transit. It
is assumed that there is one physical warehouse in
the modeled supply chain. The stock level of this
warehouse is considered by node 13. To this end,
the stock levels of goods A, B and C set separately
in nodes 7, 8 and 9 respectively are totaled. The
output links of the structure are constructed on
the assumption that customers 1 and 2, modeled
as drains 10 and 11 respectively, are supplied with
all three types of goods: A, B and C. In order to
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simplify the structure of a demonstration model,
only the output flows of the warehouse are shown
in the model. The volume of goods in transportation

links connecting the warehouse with customers are
not shown. One day has been chosen as a time unit
in the QTD.
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Figure 6 — Supply network structure containing the complete set of QTD

Figure 6 shows the QTD for all links (the flows
of type T(i,j)) and all nodes (stock levels C(i)) of the
supply network, i.e. there is no difference between
the initial data and the results of modeling. In fact,
the task of modeling has been formulated in the
following way:

Given:

a) the assumed schedules of goods shipment to
the customers is in the form of processes T(7,10),
T(7,11), T(8,10), T(8,11), T(9,10) and T(9,11);

b) the assumed schedules of goods shipment by
suppliers is in the form of processes T(1,4), T(2,5)
and T(3,6);

c) delay time in transportation links is 3 days;

d) the initial stock levels for all goods types is
A0=0, B0=0 and C0=0.

Then the following have to be defined:

a) the dynamics of a stock level at the warehouse
for each type of goods (the current contents of nodes
7, 8 and 9);

b) the dynamics of a stock level at the warehouse
in the form of the total goods volume (the current
contents of node 13) and
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¢) the dynamics of the total volume of goods in
transit (the current contents of node 12).

To solve the task posed, a sequence of operations
automatically interpreted by «the calculator of
processes» has been devised (Figure 7). This calculator
was designed as a VBA macro. The duration of
process modeling is 64 days. Using the operand value
of 3, transportation time in transportation links (3 days)
modeled in the form of nodes 4, 5 and 6 is incorporated
in the model. Notation M(1) relates to a memory cell in
which the acquired result is stored temporarily. Figure
7 illustrates how, in order to calculate all basic and
additional QTD for each of the three goods types, it
is necessary to execute four operations. The last four
operations shown in Figure 7 are used to calculate the
current contents of nodes 12 and 13.

Thus, the process of solving the task of modeling
a supply chain by directly interpreting QTD consists
of two steps:

a) QTD for given processes are created and

b) the sequence of «algebraic» operations for
calculating QTD, in which an analyst is interested,
is formulated and satisfied.
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Certainly, this procedure can be repeated
repeatedly until the moment when an analyst is
satisfied with all observed QTD. The formal sign of

MaxTime .=. 64
T(4,7) = T(1,4)
c@4) = T(1,4)
M(1) = T(7,10)
C(7) = T(4,7)
T(5,8) = T(2,5)
C(5) = T(2,5)
M(1) = T(8,10)
C(8) = T(5,8)
T(6,9) = T(3,6)
C(6) = T(3,6)
M(1) = T(9,10)
C(9) = T(6,9)
C(12) = Cc@)
C(12) = C(12)
C(13) = C(7)
C(13) = C(13)

an invalid variant of the organization of a material
flow in a supply chain is the appearance of negative
stock level values.

t-displacement 3
subtraction T(4,7)
addition T(7,11)
subtraction M(1)
t-displacement 3
subtraction T(5,8)
addition T(8,11)
subtraction M(1)
t-displacement 3
subtraction T(6,9)
addition T(9,11)
subtraction M(1)
addition C(5)
addition C(6)
addition C(8)
addition C(9)

Figure 7 — Sequence of operations for calculating the supply network

Conclusions

Processes in the form of QTDs can be designed
in a variety of ways, for instance:

— as a result of the analytical thinking, i.e.
«manually» as an intended or desirable scenario of
the process;

— as a result of process observation in the real
system;

— as aresult of tracing functioning of the simu-
lation model.

New, QTD-based models

— may be both discrete and continuous or hy-
brid;

— may be both non-stationary and stationary;

— are predominantly deterministic, but can be
also probabilistic;

— use baseline data that is close to data on real
processes;

— to provide give results that are far more ac-
curate than those that may be obtained using static
models;

— provide results based on which any statisti-
cal or logistic performance indicators (for example,
shipping or storage costs) may be calculated;

— may be developed relatively faster than simi-
lar simulation models.

QTD can be utilized both for interpreting
recorded processes and for modeling new processes.
QTD-based models may take a place in the world of
modeling right between analytical models applied
for a rough assessment of system performance and
detailed simulation models. Based on these models,
qualitatively new methods for dynamic calculation
of material flows may be developed, while classical
models, such as queuing systems or inventory
management models, will preserve their value as
conceptual models.
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