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Abstract— In this paper, we apply an existing control method

i.e. linear quadratic Gaussian (LQG) for control purposes of
product stock level of single product inventory system considering
unknown demand. The wvalue of this unknown demand is
approached by a random variable that set to be the disturbance in
the used dynamical model. The control purpos bring the
inventory point level to some trajectory reference decided by the
decision maker with minimal effort (purchase cost and holding
cosf). From the performed computational simulation with
randomly generated data, the optimal decision which is the
optimal purchased product volume for whole time periods was
determined and the inventory point was followed the decided
reference trajectory.

Keywords— inventory control, linear quadratic Gaussian,
random demand

L. INTRODUCTION

Optimal decision making on supply chain management has
been developed by researchers as well as practitioners to
improve the gained benefit. According to the basic definition,
supply chain management is a problem of managing the
relationship for maximizing the gained outcome of all parti
the related chain [1]. There are many parties/components in a
supply chain network that can be supplier, carrier,
manufacturer, warchouse, retailer, and at the end of chain,
customer [2]. Commonly the optimal decision is made by
minimizing the total occurring cost in the chain which it can be
consisting of procurement cost including purchasing cost,
transport cost, production cost, and holding cost if there are
some raw material or product that is stored in the
inventory/warchouse system, distribution cost, and many more.
And surely, there are some constraints that have to be met on
the optimal decision making process that can be demand
satisfaction constraint, capacity constraint, computational time
constraint, computation budget constraint, etc. In the
manufacturer fB¥el, there are raw material warchouse that
storing some raw material that will be used to produce some
kind of products. In the retailer level, it will be facing a problem
how to manage the stored product in their warehouse. These
kinds of problem of managing the stored product in warechouse
can be called inventory control problem. We focus on this kind
of problem in this article. There are so many researches that
were conducted to find the optimal decision for inventory
control problem. Many of them are using mathematical
dynamics approach to view and analyze the inventory level time
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by time period. The basic mathematical dynamical system for
inventory system was formulated in [3]. A little bit mode
advance model was formulated for multi-supplier case available
in [3]-[6] and for multi-product case in [7], [8]. Furthermore,
there are several advance models such as considering discount
on holding cost, purchasing cost, or other cost elements [9]-
[12].

The existing discussions about inventory control problem
solving are commonly to regulate or track a trajectory of the
inventory level and for known demand it was solved by using
quadratic optimal control method such was discussed in [13].
In system and control theory, one of several classical control
methods that has been widely used in many practical problem
areas is Linear Quadratic Gaussian (LQG) which is working by
minimizing a quadratic objective function as performance index
subject to the corresponding dynamical system driven by
Gaussian white noise [14]. For linear dynamical system with
unknown term (or disturbance), LQG control method can be
used as alternative method to solve. It is a powerful optimal
control method to handle linear system considering disturbance
term and it was applied to solve many problems like power
system [15] and mechanical systems [16], [17]. Furthermore, it
was successfully applied to solve many control problems like
line-active power flow control [18], fault tolerant tracking
control of UAV [19], simplified car controller design [20],
dynamic information acquisition process [21] and slung load
transportation problem [22].

In this paper, we have applied the LQG control method to
control the inventory level of a single product inventory system
where the demand is random by determining the optimal
decision which is the product volume that should be purchased
for each review time period. Computational simulation is
performed to illustrate the evolution of the inventory level and
its optimal decision.

II. DYNAMICAL SYSTEM
The formulated dynamical system works for single product

case, where the value of demand is unknown. Let & denotes the
time instant or time period of review on thifhventory system,

(k) = 0 denotes the stock-"ie ntory level at time period & and

d (k) denotes the demand for time period k. Let u(k) be the
amount of arriving shipment of the product that arrived at
review period k and there is lead time delay between ordering




time and arriving shipment product that denoted by n,. By
aassuming the initial inventory level is empty thatds for £ <0 .
w(k) =0, then the dynamics of inventory level ¥T0r any review
period % = 0 can be formulated as

k—np—l k-1
ﬂk) = > u()- Y d(). M
J=0 J=0
Letsay n=np,+1,
yik) = x(k)
and
x; (k) =u(k —it, +i) fori=2, 3....,np +1.

Then the dynamical of y in (1) can be rewritien as the following
linear time invariafglynamical system
x(k +1) = Ax(k)+ Bu(k)

— @
¥(k) = Cx(k)—d(k)

where x(k) =[x (k). x5 (k).....x, (k)] as the state with constant
coefTicient matrices
110 0

0
001 0
. o)
A=|0 0 0 . | B=|,|.C=[L0,0,0].
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In this system, the value of demand at any review time period £
is unknown but it will be approached by using some random
variable that stated as the disturbance term in the LQG control
method.

11,  LINEAR QUADRATIC GAUSSIAN CONTROL METHOD
(REVIEW)

Consider plant model of inventory system (2) where the random
demand J is approached as a noisc process with

E[d@dk)! |=D(k)>0 as its covariance matrix. LQG is
working by minimizing the following quadratic objectives

N-l
J=E{x'(N)f«'x(,-\-')+Z(I|x<k)||i,u.,+I|u<k>||i.‘.1ﬂ 3

subject to (2) where F=0, O(k)=0 and R(k)=0 are
denoting the weighting matrices that are symmetric and positive

definite, and notation #[:] means the expectation value and

the notation ||v|:J means v’ Qv. The optimal decision u is
determined by finding the Kalman gain and using feedback
scheme
HU\'}=—B(R)5€(R] 4)
where
X(k+1)= Ax(k)+ Bu(k)+
Lk +D){p(k +1)— C(A%(k) + Bu(k))},

K(k)= (B'S(Agl)m R()) " BS(k#+1)4,
and

L{k) = P()YC' (CP()C” + lﬁ) :
where P(k) and S(k) are determined by

(k+1) =A{P(k)—P(k)C’((‘P(k)("+ Dik)) (‘P(k)}A'
Qo- E| (x(0)- 30)) (x(0) - 5(0)) |
Stk)= A’(S(A— +)—Sk+D)B(B'Sk + 1)3+R)"
BS(k+1) ) A+0(k)
with initial value %(0) = E[x(0)] and S(N)=F.

IV. COMPUTATIONAL SIMULATION

Consider a single inventory svstem model (2) with delay
lead tim@[fjtime periods. then the dynamical model of this
inventory system is

1 1 0] 0]

x(k+1)=[0 0 1 |x(k)+|0 |uk

x( ) x( u(k) ®)
0 0 EJJ lJ

yky=[1 0 0]x(k)-d(k)

where d is the random demand. The parameter values for this
simulation are given by TABLE 1.

TABLE 1. PARAMETER VALUE
' Par. 0 R Unin | ¥max | Vmin | Vmax
: Val. (ﬁag[l.z.z] 1 0 200 0 300
25 -
20 .
@ " . .
= - .
315 i w9 &
o - . .
% - . -I o.a *
E 100 . 1
S . . .
o - v
. SRR . ) .
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Time Period

Fig. 1. Random Demand Value

Fig. 1 shows the demand value gencrated randomly by MATLAB (for time
periods 1 to 50). For time periods 51 to 100, the demand value is made to be
zero in order to analyze the generated input and output value compared to the
set point value.
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Fig. 2. Optimal input: purchased product unit u(k)
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Fig. 3. Output: inventory/stored product level y(k) and its reference
trajectory/set point v,

Let the inventory level at initial review time period is 100 units.
Assume in this simulation the decision maker was decided that
the set point level is 50 units. We simulate fmnfll] time periods
where for time periods 1 to 50 the random demand value is
assumed to be normally distributcnith mean 10 and variance
5 and for time periods 51 to 100 the demand value is 0. The
demand value is shown in Fig. 1 as the optimal decision u* i.e.
the purchad product volume is shown in Fig. 2. The inventory
level y(k) is shown in Fig. 3.

Fig. 2 shows us the optimal purchased product volume for
time periods 1 to 100. From Fig. 2. it can be derived that the
purchased product volume 72 units at time period 1, 66 units at
time period 2, 50 units at time period 3 and so on. If this optimal
purchased product volume is applied to the system, then it
produces the inventory level shown in Fig. 3. Fig. 3 shows us
the result of this inventory control system i.e. the stored product
in the warchouse. The initial inventory level is 100 units. At
time period 1, the inventory level is 134 units, at time period 2
the inventory level is 104, and so on. In the beginning of time

periods 50 to 100, the inventory level was closed to the set point
level i.e. 50 units where the purchased product volume was
closed to 0. It was caused by the demand value for time periods
50 to 100 is 0. From these results, it can be observed that the
used LQG control method was successfully worked for
inventory controlling.

V.  CONCLUDING REMARKS

In this article, an LQG control method was applied to
determine the optimal volume of purchasing units for single
product inventory system where the demand value is unknown
that approached using random variable. From the simulation
experiment results, the control method was successfully
determined the optimal decision which is the optimal purchased
product volume for all time periods where this decision gave
the minimal expected total effort and the product stored in the
warchouse was sufficiently closed to the decided set point as
wanted by the decision maker.

In our future works, we will apply the LQG control method
for multi-product inventory system. Other control methods like
robust control method is also will be applied to solve this
inventory control problem and the comparison between them
will also be discussed.

REFERENCES

[1] M. Christopher, Logistics and Supply Chain Managemeni, 4th ed.
Great Britain: Pearson Education, 2011,

[2] S. Chopra and P. Meindl, Supply Chain Management, Sirategy,
Planning, and Operation. New Jersey: Prentice Hall, 2007,

[3] P. Ignaciuk and A. Bartoszewicz, “LQ optimal inventory control for
multi-supplier perodicreview systems with disparate lead-time
delay.” in Proceedings of the 48h IEEE Conference on Decision and
Control (CDC) held joinly with 2009 28th Chinese Control
Conference, 2009, pp. 6244-6249.

[4] Y. Arda and J. C. Hennet, “Inventory control in a multi-supplier
system.” International Jowrnal of Production Economics, vol. 104,
no. 2, pp. 249-259, 2006.

[5] S. Minner, “Multiple-supplier inventory models in supply chain
management : A review,” Int. J Production Economics, vol. 81-82,
pp. 265-279, 2003.

[6] A Hajji, A. Gharbi, I. Kenne, and R. Pellerin, “Production control
and replenishment strategy with multiple suppliers,” Ewropean
Journal of Operational Research, vol. 208, no. 1, pp. 67-74,2011.

[7] C.H. A and J. Moussourakis, “A model for optimizing multi-product
inventory systems with multiple constraints,” fnt. J Production
Economics, vol. 97, pp. 18-30, 2005.

[8] 1. Rezaei, “A deterministic , multi-item inventory model with supplier
selection and imperfect quality,” Applied Mathematical Modelling,
vol. 32, pp. 2106-2116, 2008,

[9] Sutrisno, Widowati, and R. Heru Tjahjana, “*Dynamic optimization
approach for integrated supplier selection and tracking control of
single product inventory system with product discount,” [OP
Conference Series: Materials Science and Engineering, vol. 166, no.

Ip. 11747, 2017.

[10] Sutrisno, Widowati, and D. A. Munawwaroh, “Hybrid mathematical

19




(1]

[12]

[13]

[16]

model of inventory system with piecewise holding cost and its
optimal strategy.” in 20035 International Conference on Advanced
Mechatronics, Intelligent Manufacture, and Industrial Automation
(TCAMIMIA), 2015, pp. 29-33.

S. M. Mousavi, 8. T. A. Niaki, A. Bahreiningjad, and S. N. Musa,
“Multi-Item Multiperiodic Inventory Control Problem with Variable
Demand and Discounts : A Particle Swarm Optimization Algorithm,”
The Scientific World Journal, vol. 2014, 20 14.

Widowati, K. H. Tjahjana, and Sutrisno, “Joint Decision on
Integrated Supplier Selection and Stock Control of Inventory System
Considering Purchase Discount,” It Journal of Supply Chain
Management, vol. 6, no. 4, pp. 61-69,2017.

P. lgnaciuk and A. Bartoszewicz, “Automatica Linear — quadratic
optimal control strategy for perodic-review inventory,” Automatica,
vol. 46, no. 12, pp. 1982-1993,2010.

M. Green and D. 1. N. Limebeer, Linear Robust Control, vol. 31,no.
11. London: Prentice Hall, 1995,

M. Bhadu, N. Senroy, 1. N. Kar, and G. N. Sudha, *Robust linear
quadratic Gaussian-based discrete mode wide area power system
damping controller,” IET Generation, Transmission & Distribution,
vol. 10, no. 6, pp. 14701478, 2016.

A, Nimgire, R. Abdulkader, and R. A. McCann, “Linear quadratic
Gaussian control for resonance damping in microgrids with cascaded

(17

[18]

(191

[20]

[21]

[22]

20

converters,” in 2007 IEEE Power & Energy Society Innovative Smart
Grid Technologies Conference (ISGT), 2017, pp. 1-5.

A, Kalbat, “Linear Quadratic Gaussian (LQG) Control of wind
turbines,” in 2003 3rd International Conference on Electric Power
and Energy Conversion Systems, 2013, pp. 1-5.

A Al-Digs, 8. V Dhople, and Y. C. Chen, “Linear-quadratic-
Gaussian control of line active-power flow,” in 2047 [EEE Power &
Energy Society General Meeting, 2017, pp. 1-5.

Umm-e-Aimen and M. Liaquat, “Fault tolerant tracking control of
Unmanned Aerial Vehicle using Linear Quadratic Gaussian with
integral reconfiguration control” in 2047 International Automatic
Control Conference (CACS), 2017, pp. 1-4.

S. Diemer and 8. Bonnabel, “An invariant Linear Quadratic Gaussian
controller for a simplified car,” in 2015 [IEEE International
Conference on Robotics and Automation (ICRA4), 2015, pp. 448-453.

T. A, Weber and V. A. Nguyen, “A linear-quadratic Gaussian
approach to dynamic information acquisition,” Ewropean Journal of
Operational Research, vol. 270, no. 1, pp. 260-281,2018.

H. L. Lee, D. W. Yoo, B. Y. Lee, G. H. Moon, D. Y. Lee, M. J. Tahk,
and H. 8. Shin, “Parameter-robust linear quadratic Gaussian
technique for multi-agent sling load transportation,” Aerospace
Science and Technology, vol. 71, pp. 119-127,2017.




Single Product Inventory Control Considering Unknown Demand
Using Linear Quadratic Gaussian

ORIGINALITY REPORT

8% 4% 8% 3%

SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Sutrisno, P. A. Wicaksono, Solikhin. 1 o
"Probabilistic multi-objective optimization °
approach to solve production planning and raw

material supplier selection problem under

probabilistic demand value", Journal of Physics:
Conference Series, 2019

Publication

1

Quentin W. Martin. "Optimal Operation of 1 o
Multiple Reservoir Systems", Journal of Water °
Resources Planning and Management, 1983

Publication

www.aes.hr 1 .
Internet Source A)

P. Ignaciuk, A. Bartoszewicz. "DSM control of

Jnaciuk . %
perishable inventory systems with remote supply
source and uncertain demand", 2012 12th

International Workshop on Variable Structure
Systems, 2012

Publication




£l

upcommons.upc.edu

Internet Source

1o

link.springer.com

Internet Source

1o

B B

www.jirka.org

Internet Source

<1%

www.mdpi.com

Internet Source

<1%

Sheng-Jin Chen, Chin-Te Tu. "Experimental
Study of Jumbo Size Reduced Beam Section
Connections Using High-Strength Steel",
Journal of Structural Engineering, 2004

Publication

<1%

RN
(@)

Yubin Liao, Yongsheng Ou, Shan Meng.
"Wheeled mobile robot based on Adaptive
Linear Quadratic Gaussian control", 2017 29th
Chinese Control And Decision Conference
(CCDC), 2017

Publication

<1%

—
—

coogan.ece.gatech.edu

Internet Source

<1%

—_
N

Sutrisno, Solikhin, Purnawan Adi Wicaksono.
"Optimal decision making on raw material
supplier selection and production planning via
multiobjective optimization model”, AIP

<1%



Publishing, 2018

Publication

I|r(3err'ilet|;;(grrc.elIkom.unpak.ac.ld <1 0,
Sutrisno, Widowati, Sunarsih. "Genetic <1 .
. , Yo
algorithm approach for large scale quadratic
programming of probabilistic supplier selection
and inventory management problem", Journal of
Physics: Conference Series, 2019
Publication
Abdullah Al-Digs, Victor Purba, Sairaj V. <1 o
Dhople, Yu Christine Chen. "Tracking °
Aggregate Active-and Reactive-power Setpoints
for a Collection of Dispatchable Inverters", 2019
20th Workshop on Control and Modeling for
Power Electronics (COMPEL), 2019
Publication
Przemyslaw Ignaciuk, Andrzej Bartoszewicz. <1 y
"DSM control of inventory systems with °
deteriorating stock and multiple supply sources”,
2011 16th International Conference on Methods
& Models in Automation & Robotics, 2011
Publication
Anna Nagurney, Dong Li. "Competing on Supply <1 o

Chain Quality", Springer Science and Business
Media LLC, 2016

Publication




Exclude quotes Off Exclude matches Off
Exclude bibliography On



	Single Product Inventory Control Considering Unknown Demand Using Linear Quadratic Gaussian
	by Widowati Widowati

	Single Product Inventory Control Considering Unknown Demand Using Linear Quadratic Gaussian
	ORIGINALITY REPORT
	PRIMARY SOURCES


