Application of Dynamic Pricing to
Retaill and Supply Chain Management

Soulaymane Kachani

Columbia University
Kachani@ieor.columbia.edu

PLU 6000




OUTLINE OF PRESENTATION

The pricing challenge
The practice of pricing
A pricing model for retail

A pricing model for supply chain
management

A fluid delay-based model for pricing
and inventory management

Summary




PRICING IS THE BEST LEVER FOR EARNINGS IMPROVEMENT...

Impact of price increase on operating profit

Improvement in price by 1%

8.0%

Price is the biggest profit

increases profitability more than improvement lever

Price decreases are only offset
by huge volume uplifts

Percent

Capture 1% price
increase
10

Profit Improving the lever by 1% delivers
Increase

profit improvement of . . .
f 8.0%
° ° ﬁ Percent

124

Variable
cost

Operating Price
profit

Variablg
cost

Volume

Fixed
cost

Revenue Fixed
cost

Source:Based on 2001 S&P 500 average economics

Reducing prices by 5% requires a
breakeven volume increase of 16.2%
Percent

16.2

Price
decrease

Volume
increase to
break even




... AND SHOULD BE ON EVERY CEO AGENDA

Growth drivers

Pricing

New products

New markets

Extend
product
lines

Mergers and
acquisitions
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®* The practice of pricing




OVERALL OBJECTIVES OF PRICING IMPROVEMENT PROGRAMS

Achieve significant near-term improvements
in profitability through enhanced price
performance

Achieve

significant and
Design and institutionalize comprehensive sustainable gains

pricing management practices and processes in profitability
to allow continued improvement into the future through superior
pricing
management

Build systems, skills, incentives, etc. to
support, enable, and sustain a high performing
price management process
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* A pricing model for retail




3 Cs OF TACTICAL PRICING

How can companies implement a consistent tactical pricing policy
for increasingly dynamic markets?

Who are my customers, and
what do they want?

How can | react

quickly and
correctly? >

What are my degrees of What competing offers are
freedom to close the sale? they looking at?




TACTICAL PRICING FRAMEWORK

4 A
Multiple industry-
specific solutions

Market possible
Impact ~

' Determine price

Pricing algoerithm

T

— e
A~ R

Customer Competition




CUSTOMER BEHAVIOR

Loyal
customers

All
customers

Will not switch in
linear region

Shared
customers

Will switch over
linear region

Switching of loyal customers is
highly non-linear

Switching has hysterisis

(i.e., is not immediately and
completely reversible)

Elasticities based on perceived
differences in

— Product

— Services

— Channel

— Promotion

Switching behavior linearly
dependent on cross-elasticity,
price differential, and degree of
awareness

Limited to small price band




STATIC NON-LINEAR OPTIMIZATION AT CORE

Net margi |||
|||||||“\ InNcrease

/

-60.0 -
* Margin = Price- variable cost including channel compensation

== (p+Dp).(\V+DV)
104 Price

N (p + Dp).DV




PRICING MODEL

price

cost

volume
awareness

shared customers
Elasticity

®* Variable cost
® (Cash cost
® Full reinvestment cost

Customer Competition

-~




PRICING MODEL

price
cost
volume
awareness

. shared customers
Elasticity

Industry.
price

T

~ " Ccustomer
‘\ /

®* Industry price
® Awareness

Readiness

Attractive-
ness

Attractiveness

S~ -~

Competition




PRICING MODEL

price

cost :
volume Industry Price

awareness price differential

. shared customers
Elasticity

/(;)mpetition\

Intangibles

~—_ R

Industry price

Intangibles

Price differential (net
of competitive

response)
‘\ /

Customer




UPDATE IS AUTOMATIC

Update model

J

Market
Impact

' Determine price

‘ Pricing algorithm H
— A\

Customer Competition




IMPACT OF NEW PRICING POLICY

EBITDA impact, $ million

16% gain
Average 1.5 c/gal increase
Less than 3% volume loss

RS 193

Current Optimized for Optimized New
pricing consumers around pricing policy
policy competitors




INTRA-DAY SEGMENTATION

Customers

Elasticity
(light)

Loyal 55%
Shared, Mobil 29%
Shared, Texaco 14%

16%
8%

0:00 3:00 6:00 9:00

Hour

- 50

(0]

12:00 15:00 18:00 21:00 0:00




IMPACT OF IMPROVED NEW PRICING POLICY

EBITDA impact, $ million

[ .
* 22% gain

®* Average 2.1 c/gal increase

® | ess than 5% volume loss
.

9 202

I

Current  Optimized Optimized  Accounting New
pricing {o] around for time pricing
policy consumers competitors segments policy
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* A pricing model for supply chain

management




BACKGROUND

Scope of the
engagement

Purpose of
the analysis

Analyses
performed

>
>

End-product
and impact

S>

* Find improvement opportunities in key account management for a
leading manufacturer (with 75% of market share) through better price
management, without changing the existing mix-structure

® | everage manufacturer-retailer relationship to develop win-win
situations

* Improve manufacturer category profitability by helping the retailer
improve its own category results through better pricing policies

* |dentify optimal category price structures for selected categories within
the retailer scope of action*

®* Multiple regression analyses to determine own-price and cross-price
elasticities for each SKU,** using weekly price, volume, and promotional
activity data for 2 sample stores

®* Margin optimization process for each category in both stores,
incorporating retailer list prices and manufacturer unit costs per SKU

®* Own-price and cross-price elasticities for the top 5 SKUs in each
analyzed category

® Optimal pricing schemes, resulting in 10% margin improvement for the
retailer and 6% for the manufacturer

* This analysis was limited to margin changes only by the retailer. To simulate changes involving the manufacturer
price list, competitive reaction must be incorporated
** Stock keeping unit




PRICE CHANGE ANALYSIS

Daily sales for SKU #2201 When plotting raw price and volume data, no
Store 2 apparent correlation exists between the 2

variables. Prices and volumes have different

Volume 4,000 - time series properties

(units)

3,500 A

3,000 A

2,500 -

2,000 A

1,500

1,000

500

0 | | |
6/1/2001 6/14/2001 6/24/2001 7/4/2001 ~ 7/14/2001 7/24/2001 8/15/2001 8/25/2001
Date

Unit price

(%)

A simple log price vs. log volume regression in most cases will not be of much
use. The complete data set for each regression requires competitor product
prices, promotional activity dummy variables, and other qualitative variables,
such as seasonality or stock-outs




ESTIMATING ELASTICITY

Analysis

Rationale

Caveats

Econometric analysis has several advantages when it comes to estimating
elasticity.* The general form of the log-price equation we used is:

logQ =h, +blogR +Q C;logP +a d.D,
j K

where:
-+ Q,is the volume sold and P; is the price of target SKU i

P, is the price of competitor SKU j

b.and c, are own-price and cross-price elasticities

D, are dummy variables accounting for promotional activities, store

location, seasonality, etc. with their corresponding coefficients d,

A product's sales volume (Q,) at a given point in time can be explained in
terms of its own price (P;), other competing product prices (P), relevant
promotional activities, and other events, such as stock-outs and seasonal
patterns (D,)

Make sure the correlation among explanatory ("right-hand") variables is low,
especially between continuous (i.e., price) and binary (i.e., "catalog") variables;
keep only one of the highly correlated explanatory variables

Use alternative model specifications* (linear demand function, deviation-from-
mean model, etc.) to improve model fit

Given its complexity, it is critical to involve client team members in this
process. Client team members should be able to present model assumptions
and results to management and thus step away from a conceptual black-box
perspective

* See "Estimating Price and Promotional Elasticity in Data-Rich Environments," K.K. Davey, PDNet, Nov. 1997




MARGIN OPTIMIZATION MODEL'S PROCESS

Inp
[ ]

ut
Daily sales data

- Prices
—  Volume
—  Cost of goods sold

Promotional activity log
— Inclusion in catalogs
—  Temporary exhibit

—  Special event

Manufacturer margin

Industry constraints
Market share
Price/brand
positioning
Average category
pricing

Working steps

Define the objective
function(s)

Enter demand and cost
functions

Add industry constraints
Solve the model using a non-
linear optimization software
Stress-test the results
Discuss recommendations

with the retailer and validat
results through pilot tests

SKU 1 -3.7%
SKU 2+6.6%
SKU 3+1.2%
SKU 4+5.0%

SKU 5+0.2%

Total

Retailer margin ($ million)

- |

| 20 |

Base Increase  Optimal

Manufacturer margin (MUS$)

Base Increase  Optimal




OBJECTIVE FUNCTIONS

Retailer

Category gross
margin

Manufacturer

J=l

Category revenues* (selected
store)

Category CGS

=

.l.
AT

SKU# Price Volume

10111
10213
10207

$399
$249
$389

10,103
24,815
53,201

.
AT

SKU# Cost Volume

10111
10213
10207

$345
$241
$363

10,103
24,815
53,201

L)) ] )]

)

EXAMPLE

/\/olume calculated from the \

elasticity model assuming a
"neutral" setting (i.e., all
dummy variables set to zero)

Category gross
margin

} _

The objective
function includes a
sub-sample of the
category mix

|

Category revenues (selected
store)

J — [ Manufacturing cost* J

]
AT

SKU# Price Volume

10111
10112
10115

$345
$357
$266

10,103
12,250
7,843

_|_
AT

SKU# Cost VVolume

10111
10213
10207

$103
$76
$99

10,103
12,250
7,843

_4

y
The retaliler
focuses on
overall
category
contribution,
whereas the
manufacturer
maximizes its
own product
mix
contribution

* |f possible, trade spend and support should be added to the retailer's category revenues and to the manufacturing
cost. Trade spend and support includes rappel, volume discount, year-end bonuses, indirect discounts, fixed-trade
spend, and cost-to-serve variable expenses.




MATHEMATICAL PROBLEM SETTING

Optimize: max é Q,(P, - Ci) and/or Max é_ Q (Ci - |\/|i)

SKU demand function as

|
o . o R
Subjectto:  l0gQ =hb,+blogP +gQ C, PJ a e TR
o .
K] 3
QMAX a. Qi QMIN
I Total consumer demand for the category
Pl > $4_ 99 needs to stay within acceptable ranges

]

P, >RER,

Q4 Minimum required market share
3 30% for SKU #4

aQ

Q is volume in units sold, P is price per unit, C is retailer
cost per unit (and manufacturer list price), M is
manufacturer unit cost including trade spend, bs are own-

price elasticity estimates, and cs are cross-price elasticity
estimates
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* A fluid delay-based model for pricing
and inventory management




Introduction

Introduction and Outline

Tirnetne Uit
Is procuced Lrit s <ol

v




Introduction
Introduction and Qutline

> Propose and study a dynamic pricing model:

9

9

> A transportation fluid dynamics model that incorporates:

9

9

9




Motivation

Pricing theory has been extensively studied by researchers from a variety of fields:
Econormics (see for exarrnple & Wilson (L993))
Marketing (see for exarmple G, Lilien et Al (1992))

FMevernue renzagerent e sugoly creir HJ?IH?IJQHIQHT (see for exarmple
G. Bltrar and S. Mondscnein (1997), LMA. Crian gt 2l (2000), and, J.
McGill and G. Vearn Ryzin (1999))
for exarmole, B, P, e

iclis and J, Tsitsiklis (_|996))

cl).

Telec ornrnunications (5' o
199¢ nzlicli

998), and, |. Pasc

Trie noor oy ZipKin (L999), and references | I 2 2 inoroLgr
review of inveriiory rrocdels,

./




_ _ Modeling Assumptions
Assumptions and Notations

We Consider'
e Sitacieloery lzader (Monopoly is 2 special case)
. M?m/ orocucis
e Cornpror cageacity
e o sugsiiiution vetweer groducts
 rlolding cosis
* o s2ilp Cosis
e Norl-perisnzanle oroducts
e Unlit price s el rlmguom of inventory p; (1) (2.9. linzgar, nyoeroolic)
e Deierminisiic rrocel.

Average delay to sell a unit of good
AL ()=T,01,(t),p; (1,(1)), 5 (@ () P52 (B (D) PFi g
Average time needed to sell, at time i, a unit of product i, given an inventory | ;(t), a
unit price p; (1;(t)), and competitors’ prices p%; (p;(.)), Il {1,..., )}
e Provide a memodolog/ ro esi lmagte such e funciorn ir) orclg ice.
. E5 rloluj conreciorn witn wel funciions derived i) ine transporizior




Assumptions
and Notations

Ui(t)
tti(t)
vi(t)
tﬁ(t)
Ik(t)
pi(L:(t))
T:(L:(1), pi(-),

(25 ;(2i(-))>
je{1,..,J(i)}))
D;(.)

Si(t)

c;i(t)
h;(t)
[0, T]
[0, To]

Notations

: cumulative production flow of product z during interval [0, £];

. production flow rate of product ¢ at time £;

: cumulative sales flow of product ¢ during interval [0, £];

. sales flow rate of product ¢ at time ¢;

. inventory (number of units of product) ¢ at time ¢,

. sales price of one unit of product ¢ given an inventory I;(£);

. time needed to sell both a unit of product ¢ produced at time ¢

and all inventory I;(t), given a unit price p;(I;(t)) and competitors
prices pg ;(pi(.));

. product delay function, a function of the inventory I;(¢), for example,

we can choose D;(Ii(t)) = Tu(Li(t), pi(.), (PF;(p:i(-}), 5 € {1, ..., J () }));

. exit time of a production flow of product type ¢ entering attime ¢

(8:(t) =t + Di(L:(t)));

. production cost of product z at time ¢;

. inventory cost of product ¢ at time ¢;

. production period. After time T, the company ceases producing;
. analysis period. It is the interval of time from the instant when

the first unit of product is produced to the first instant when
all products have been sold.




A Continuous-Time Fluid Model Formulation
Dynamics Delay Model for )

Dynamic Pricing and

Inventory Management

The link dynamics equations express the relationship between the flow variables of a link.
They are given by:

dIi(t) _ .
= u;(t) — vi(t), Vie {1,...,n}.




A Continuous-Time Fluid Model Formulation
Dynamics Delay Model for )

Dynamic Pricing and
Inventory Management

The link dynamics equations express the relationship between the flow variables of a link.
They are given by:

dIi(t) _ .
= u;(t) — vi(t), Vie {1,...,n}.

Flow propagation equations are used to describe the flow progression over time.

Vi(t) =/ u;(w)dw, Vie {1,....n},
weW
where W = {w : 8;(w) < t}.

If the product exit time functions s;(.) are continuous, and if the strict First-In-First-Out (FIFO)
property is satisfied, then

s; ()
Vi(t) = / u; (w)dw, Yi e {1,...,n}.
0




A Continuous-Time Fluid Model Formulation
Dynamics Delay Model for )

Dynamic Pricing and
Inventory Management

The link dynamics equations express the relationship between the flow variables of a link.
They are given by:

dIi(t) _ .
= u;(t) — vi(t), Vie {1,...,n}.

Flow propagation equations are used to describe the flow progression over time.

Vi(t) =/ u;(w)dw, Vie {1,....n},
weW
where W = {w : 8;(w) < t}.

If the product exit time functions s;(.) are continuous, and if the strict First-In-First-Out (FIFO)
property is satisfied, then

s; ()
Vi(t) = / u; (w)dw, Yi e {1,...,n}.
0

Ui(0) =0, Vi(0)=0, L(0)=0, Vie{l,..,n}.




A Continuous-Time Fluid
Dynamics Delay Model for
Dynamic Pricing and

Inventory Management

u()2 0," i1 {1,....n},CFR(.)3 0.

Zn: ui(t) < CFR(t).




A Continuous-Time Fluid Model Formulation
Dynamics Delay Model for )

Dynamic Pricing and
Inventory Management

u; ()2 0," il {1..n},CFR()3O0.
) ui(t) < CFR(t).
=1

The objective of the company is to maximize its profits. Profits are obtained by substracting
production costs and inventory costs from sales. The objective function can be expressed as:

L /ﬂ " pa(I(8)i(®) — ex(t)uat) — hu() L (H)dt.

In general, the DPM is a continuous-time non-linear program. In this system of equations, the

A() CFR (.).
u(t), U.(t), vi(t), Vi(t), I.(t), s(t) and the parametersof p, (I ;).




Discretized DPM Model Solution Algorithm

n N-1 N N
. - o o o
Obj =- Minq (ki[@ u;uja+a uijz] +a 9;Yij)
=1 j=0 =0 i=0
o X
4 uj ECFR;, " j1 {01,... N}
Zo ’
u; 30," i1 {1,2,..,n}," i1 {01,....N}
h +h"+
whereg; =-d(p™ - ¢; - —— ~d),

ed?

= '2 ,ande, =

0 _
1 u;

2K U +k(ulj+1+u” 1)+gIJ :




Graphical lllustration

Cij = 2Kty + kK (Ujj40 + Ujj_1) + 05

J=N
Nd/M (N+1)d/M




Discretized DPM Model Solution Algorithm

lterative Relaxation Approach

K _ K k-1
m° =k; (Uj.1 +Uji1) + 0

]

Ci:( = 2kiui‘j< + m:j(

K EmC  ELEmMS
order (1)) j order (2,j)] order (n,j) |

: . ~k k — A~ Kk
Flndlj .Corder(l,j)j Corder(lj,j)j —aorder(lj,j)j £C< £C<

. 1" N -
orde(lj+1,j) orde(n,j)]
|

u* >0,.., u >O,§uk =CFR U =.=u =0
i=1

order (1,j) j 1 order (Ij,]) ] order (i,j) ] orde(|j+1,j)j orde(n,j)j




Discretized DPM Model Solution Algorithm

morder (m, )]

L 2K

order (m,j)

K
EeR A e i

n, otherwise

If | > I j? Uorder(i’j)j — O

k k
Qorder(l )i = Morder(i )]

: k —
If | £ IJ ; Uorder(i’j)j —

2korder(i )]
k _ k k

Main result: The iterative relaxation algorithm converges to the unique optimal solution.




xample

Discretized DPM Model

Product 1

Product 2
Product 3

Product 4
Product 5

Discretization
Interval Index

CFR:




Small Case Example

Discretized DPM Model




Small Case Example

Discretized DPM Model (continued)

0 2 £ 5 6 7 3 9

0.0524 0.2249 0.3437 0.4925 0.4412 0.9005 0.5247 0.8807

i -2./595 -2.4293 -1.7226 -1.3522 -1.4482 -1.01/1 -1.0808 -0.7019 -1.79/2
i -4.1725 -2.6537 -2.8482 -2.1954 -2.1620 -1.5/87 -2.0477 -0.9823 -3.0201
i -3./694 -2.5334 -2.5139 -1.9388 -1.8229 -1.4048 -1.6001 -0.8945 -2.4643
-1.6161 -1.1148 -0.8761 -0.1/64 -0.6899 0.4197 -0.5354 -0.06/9

1 2 5 6 Il

-0.8085 -0.4909 0.3686 0.6381 0.9023
-0.8588 -0.5216 0.5089 1.1465 1.0638
2.3863 2.6718 4.7980 5.8613 5.8723
-0.0736 0.0789 14875 2.2282 2.1361

-0.6699 0.3376 0.6874 0.9028




Discretized DPM Model

Small Case Example

(continued)

Z §) 7

0 0 0.8207 0.0074
5.7968 7.4410 6.8967 8.2630
9.2700 10.4151 9.237/0 12.2918
8.2005 9.0021 8.5122 10.4268
3.7727 21418 5.5334 2.0110

$405.0681

0
9.0827
14.1/780
11.8622
1.8772




Small Case Example

Discretized DPM Model (continued)

Optimal Profit as function of the dope (i.e. (s+s2)/C)
Optimal Profit: '$419.4365

[ga]
(8]
=

o]
=
=

Oiptimal ohjective value

Optimal slope: 0.0551




Competitive Setting

| =1,...,K competing retailers
n products

v ¥

Late

Retailer 1 Retailer 2 Retailer K

In what follows, we expressp'!asp! (I (t),!I ' (t)). This
assUMes.

» Knowledge of inventories of all players
> {p!'(l,(t),p."),1=1,...K} is “invertible”




Best Response Problem for Retailer |

Retailer 1 Retailer | Retailer K




Best Response Problem Retailer |

Max & ¢ P/ (1401 OV O - ¢ Ou'O - KOO d
0200V 0

such that

If the product exit time functions continuous, if holds, then

v/ (t) = 6:'1“’ o' (wydw " i




Discretized DPM Model

(1 (1)) = pl Mgl (1) + S Tl K(T)
§' >0

Intervels of l2ngin cf W wriere Wl G diseraiizaior acclracy
For avery discirgiizaion iriervel | 1 {0, 4, ., Cheell) M =115 el

-

forevaryt 1 [ ] dfv (L) d/f )

Fr(1) =CFF (t)=c , and 1 (1)=n
Piecewise constant
Production levels: U for every groduct i ancd for every discretization

interval incles |
For sirngplicity of the gresentaiion, we consider M=:1




Best Response — Retailer |

C .o | Nt | | &' | 2 ) |
Obj" =- Min g (k'[a u;u;, +a u; 1+a g9; u;
=1 J:0 J:O J:O

N-1
o kr 8 I

\
k . & 1,k
- a li [a uij uij+1 ta uijukj])
j=0

k| B

o | .
such that a uij £CFRIJ, "jl {O,l,,N}

=0 s A
ui 20, " il {1,2...n}," jT {0,1,..., N}

p (1 (1)) = pit el (1) + S Fikl K(t)

1d 2
k}ze'd
2

gijlz'd(pI " 0j-




Best Response Model and Nash Equilibrium

Best response model:

The best response problem Is a strictly convex guadratic
problem

There exists a solution to the best response problem, and this
solution Is unique

Nash equilibrium:

If e'>S,. .. |fX|[ there exists a Nash Equilibrium, and this
equilibrium is unique




Solution Algorithm

Main ideas behind the solution algorithm

Nen-separability by retailer IS overcome using an ji=rzii)ye

lezirniing clgoriirinr:
We start with initial' production poelicies for every retailer

At each iteration, retailers solve the QP using information

from past iteration about other retailers:

In the inner loop, non-separability by time period and
shared capacity constraint among products are overcome

using an Jierative reladaiion algorithr




Solution Algorithm - For each retailer

n N-1 N N
. .0 o o o
Obj =- Minq (ki[@ u;uja+a uijz] +a 9iYij)
=1 j=0 i=0 i=0
3
a uj £CFR;, " j1 {0,1,...N}
=0
5 20, " i1 {1,2..n}," jT {0,1,..N}
hj +hjn

@)
wheregjj =-d(p"™ - ¢ - =—-=d)- a ! (i + uif)

k competitors
past iteration of outerloop

= max _ pimi n

G
ﬂOb
K u..J = 2K Uy K (U +U; ) + 05
|

P

eld2

,ande =




Solution Algorithm - For each retailer

K _ k k-1
m° =K (Uj_1 T U;j.1) + 05

]

Ci:( = 2kiu: + m:j(

k
CEmC ELEmMS
order (1,)) ] order (2,j)] order (n,j) ]

. .~k k
Flndlj.C - =..=C ~ =a N £CX
order(1,j) ] Ol’def(|j,])J order(lj,J)J orde] j)j’"" orden)j
jH |
I

u* >0,., u >O,§uk =CFR U L=U =0
i=1

order (1,j) j 1 order (Ij,]) ] order (i,j) ] orde(|j+1,j)j orde(n,j)j




Solution Algorithm - For each retailer

k

I m N
CER . + o order (m,j) j
T

1

order (m, j)

Let a X =

order (i,]) ]

a 2k

order (m, j)

i infil ca K K c .
Let | ::,argmln{n L= B8 0rgei,jy £ Mbrgeran ) o 1T 1T EXISIS
L n, otherwise {)

K k
Aorder(l )i = Morder(i,j)j

FiEl, USgini =
J order(i,j)j 2korder(i,j)j

k — k k
If uij —Op CI] 3 aorder(lj,j)j -e

» The lterative Relaxation Algorithm converges to the unique optimal
solution of the inner-loop problem
» The lterative Learning&Relaxation Algorithm converges to the the

unique Nash Equilibrium




OUTLINE OF PRESENTATION

* Summary




Questions?




