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Background and Motivation

Spatial price equilibrium models have served as the foundation for the study of
numerous perfectly competitive markets with network structures in regional
science, economics, and operations research/management science.
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Background and Motivation

Furthermore, especially in the case of agricultural products, there have been
numerous cases of serious shortcoming in terms of quality of food (Strom
(2013) and McDonald (2014)), which have resulted in illnesses and even death.
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@ We present two distinct, novel models in this paper.

@ The first model is a spatial price equilibrium model with perfect
information on product quality and with differentiated products.

@ The second model is a multiperiod model under quality information
asymmetry, in which consumers at the demand markets learn the quality
of the product with a time delay; specifically, in a given time period, they
are aware of the quality of the products from the previous time period.

@ We provide measures to quantify the consumer welfare under the scenario
of perfect information and that under quality information asymmetry, for
each pair of supply and demand markets, along with the value of perfect
information for consumers.

@ The impacts of quality information asymmetry and consumer learning of
quality on the dynamics of equilibrium supply price, demand price,
shipment, and quality pattern and consumer welfare can be studied by
comparing the two models.
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“Integrating learning models of demand with supply side models remains
under-explored and should be another important area for future research.”
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Spatial Price Equilibrium with Quality Information and Product Differentiation

Supply Markets (@)

Demand Markets @)

Figure: The Bipartite Network Structure of the Spatial Price Equilibrium
Problems with Quality Information and Product Differentiation
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The Model: Spatial Price Equilibrium with Product Differentiation Under Perfect Quality

Information

Supply Price Functions

Quality levels
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The Model: Spatial Price Equilibrium with Product Differentiation Under Perfect Quality

Information

Demand Price Functions

dij =dj(p,§), i=1,....mj=1,...,n. (5a)
i =di(p,q(r)), i=1,....,m;j=1,...,n. (5b)

Feasible Set

Qji>0, i=1....mj=1,...,n, (6)
pi >0, i=1,....mj=1... n, (M)
7ri207 i:17"'7m7 (8)

and we define the feasible set K' = {(Q, p,7) € R3™ ™}
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Equilibrium Conditions

Definition 1: Spatial Price Equilibrium Conditions with Product Differentiation

Under Perfect Quality Information

A product shipment, demand price, and supply price pattern (Q*, p*,7*) € K*
is a spatial equilibrium with product differentiation under perfect quality
information if it satisfies the following conditions: for each pair of supply and
demand markets (i,j); i=1,....,m; j=1,... n:

* (O* :p1§'7 if Qlj >0, 9
”'“’J(Q){sz-, if Q; =0, ®)
and
. N =Qj, if pj>0
o’ aN{ 2 ok =0 (10)
Y S Qij7 if pu = 07
and for each supply market i; i =1,..., m:

i = Z;:l ;7 If ﬂ‘;‘ > 07
si(m ){ >SS @, if i =0. (11)
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Variational Inequality Formulation

Theorem 1: Variational Inequality Formulation of Spatial Price Equilibrium

with Product Differentiation Under Perfect Quality Information

A product shipment, demand price, and supply price pattern (Q*, p*,7*) € K*
is a spatial price equilibrium with product differentiation under perfect quality
information according to Definition 1 if and only if it satisfies the variational
inequality problem:

SO Q7)) x (Qu— Q)+ D D Q5 —dilp”, alm))) x (o5~ p5)

i=1 j=1 i=1 j=1

i=1

+D_(si(r) =D @) x (mi =) 20, V(QpmeK.  (12)
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Variational Inequality Formulation - Standard Form

Variational Inequality Formulation - Standard Form
Determine X* € K C RV, such that
(F(X™),X = X*) >0, vVXeK, (13)

where K is the feasible set, which must be closed and convex. (-,-) denotes the
inner product in N-dimensional Euclidean space.

X=(Q,p,m).

F(X)= (FX(X), F(X), F¥(X)), where
Fi(X)=mi+c(Q)—pjii=1,...,m j=1,...,n,
Fi(X) = Qj —di(p,q(r)); i=1,....m;j=1,....n and
F(X) = si(m) = 30, Quri=1,...,m.

Also, we define the feasible set K= K*, and let N = 2mn + m.
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Consumer Welfare

Consumer Welfare Under Perfect Quality Information

B dij(p™,q(7™))
cwy = | pi(d5 i, ")) d(eh) — pict(e", (),
0

i=1,....mj=1... n, (15)

Dong “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



The Model: Spatial Price Equilibrium with Product Differentiation Under Information

Asymmetry in Quality

Supply Price Functions

si=s(nt), i=1,....m, (16)

Transportation Cost Functions

c,-j—:c,-j(Qt), i=1,....mj=1,...,n, (17)

Quality levels

qlt:ql(ﬂ-lt)7 ’:177m> (18)
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The Model: Spatial Price Equilibrium with Product Differentiation Under Information

Asymmetry in Quality

Perception of Quality

il .
~ s |f t= ].7
ag={ I, | (192)

v

djj 17A P if t’:]_7
dij‘ = { j(pt gt)) t t—1 . ) (20)

o
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Equilibrium Conditions

Definition 2: Multiperiod Spatial Price Equilibrium Conditions with Product

Differentiation Under Information Asymmetry in Quality

A product shipment, demand price, and supply price pattern (Q*, pt* mt*) € K2', is
a spatial equilibrium with product differentiation under quality information asymmetry

in period t; t = 1,2, ..., if it satisfies the following conditions: for each pair of supply
and demand markets (i,j); i=1,...,m; j=1,...,n:

ety d =P Q>0 (21)

7 Gy . -

P > pl, if QY =0,
and,
ift=1,

=Q¥, if pi" >0
dij(p*", §* bt T 22
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Equilibrium Conditions

Definition 2: Multiperiod Spatial Price Equilibrium Conditions with Product

Differentiation Under Information Asymmetry in Quality

ift>2,
=Qt", if pt" >0
dii(pt™, q(mt=1" i’ A 22b
and for each supply market i; i =1,..., m:
=5y ittt >0
(mt* j=1 %5 > T : 23
51(71' ){ Z ZJ,'T:]. ; , F ﬂ_}-* =@, ( )
v
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Variational Inequality Formulation

Theorem 2: Variational Inequality Formulation of the Multiperiod Spatial Price

Equilibrium with Product Differentiation Under Information Asymmetry in Quality

A product shipment, demand price, and supply price pattern (Q'*, pt*, wt*) € K2' is
a spatial price equilibrium with product differentiation under information asymmetry in
quality in period t; t = 1,2, ..., according to Definition 2 if and only if it satisfies the
variational inequality problem:
ift=1:
m n m n
1* 1% 1* 1 1* 1* 1% A1 1 1*
DS+ a(@) =) X (@)= Q)+ 30 Do) — il 8 x (ol )
i=1 j=1 i=1 j=1
m n 1
* * *
+D sm) =D Q) x (rf —x}) >0, W(QY 0N €KY, (24a)
i=1 Jj=1

“Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Variational Inequality Formulation

Theorem 2: Variational Inequality Formulation of the Multiperiod Spatial Price

Equilibrium with Product Differentiation Under Information Asymmetry in Quality
ift>2:

SO (w6 (QT) =5 )X (QE—QE)+D | S (QF —dyi(p'™, q(x*=27)))x (pf—pk; )

i=1 j=1 i=1 j=1

+D (si(xt) ZQ Yx (nf—7t*) >0, W(QH et ) € K2 (24b)
i=1
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Variational Inequality Formulation - Standard Form

Variational Inequality Formulation - Standard Form

Determine X* € £t C RN for time period t, such that

(GY(XT), Xt —=Xx")y>0, vXtecl (25)
where L' is the closed and convex feasible set.
Xt'=(QF, pt, ).

G(XH)= (G (XY), G (XY), GT(XY)) for time period t, where
G,-Jt-l(Xt):Tr,-t—FcU(Qt)—pE-; i=1,....m;j=1,...,n,

GY(X') = Q} — dy(p',8Y)) ift =1 and GL (X?) = Q — dj(p', q(x* ")) if
t>2,i=1,....m; j=1,...,n, and

G,'t3(Xt) — S,‘(7Tt) _ Z}’:l Qljr | = l, oo, m.

Also, we define the feasible set L'= K 2
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Consumer Welfare

Consumer Welfare Under Information Asymmetry in Quality

(e a1 AoV g i
6" pi(dj . dji, g") d(d}) — p dj(p'",8"), if t=1,

CVV";t - di'(ﬂt*’Q(ﬂ't_l*)) gJt* t t—1* t +* % t—1%
b’ pi(ds, df, q(wt=17)) d(df) — pf di(p*™, q(w'=17)),
if t>2,

(27)
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Value of Perfect Quality Information for Consumers

Value of Perfect Quality Information for Consumers

CVPIE = CWF —cwW)', i=1,....mj=1,...,n.  (28)
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Quantitative Properties

Suppose that for our spatial price equilibrium problems with quality information and product differentiation, there
exists a sufficiently large B and a sufficiently large B, such that, for any supply and demand market pair (i, j):

Fi(X) = m + c5(@) = pj >0, (32)

Fj(X) = Qj — dj(p, a(x)) > O, (33)

20Xt = = +65(@4) — o >0, v, (39)
6 (X*) = Qb — dy(p*,a) > o, p=1, (35)
65 (X*) = Q% — dy(p a3 0, £>2, (36)

for all shipment patterns Q with Q,-j > B and Q! with Q,—j- > B and for all demand price patterns p with Pij > B

and pt with pfj > B. In addition, suppose that there exists a sufficiently large B, such that, for any supply market
i

n
FA(X) = si(m) = > Q; > 0, @37)
j=1
6 (X = si(nt) = 3 QL > 0, v, 38)
j=1

for all supply price patterns 7 with w; > B and wt with ﬂf > B.

g “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Quantitative Properties - Existence and Uniqueness

Theorem 3: Existence

Any spatial price equilibrium problem with quality information and product
differentiation that satisfies Assumption 1 possesses at least one equilibrium
shipment, demand price, and supply price pattern.

Theorem 4: Uniqueness

Suppose that F(X) in (13) is strictly monotone on K. Then the solution X* to
variational inequality (13) is unique, if one exists.

Similarly, suppose that G in (25) is strictly monotone on L'. Then the
solution X' to variational inequality (25) is unique, if one exists.

Theorem 5: Existence and Uniqueness

Suppose that F is strongly monotone. Then there exists a unique solution to
variational inequality (13).

Similarly, suppose that G* is strongly monotone. Then there exists a unique
solution to variational inequality (25).
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Quantitative Properties

For purpose of discussion, we define the following notation:
g(xy) =G (X5, XY, v (39)
K=K'=K* Vt, (40)

Theorem 6: Convergence of Variational Inequality (24b) Under Information

Asymmetry in Quality

Assume that there is a constant 8 > 0 such that
_1 _1
IVxg ™2 (x', y ) Vg (*, y*) Vg 2 (%, ¥O)l|| < 0 < 1, (41)

for all (x*, y), (x%,¥?), (x3,¥%) € K, where ||| - ||| denotes the standard norm
of a matrix; and that infinum over K x K of the minimum eigenvalue of
V.g(x,y) is positive. Then as t — oo, the solution X'  to the variational
inequality (24b) under information asymmetry in quality converges to the
solution X* to the variational inequality (12) under perfect quality information.
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Numerical Examples

We implemented the Euler method using Matlab on an OS X 10.10.5 system.
The convergence tolerance is 107°, so that the algorithm is deemed to have
converged when the absolute value of the difference between each successive
product shipment, demand price, and supply price is less than or equal to 107°.
The sequence {a,} is set to: {1,%,2, 1,1 1} We initialize the algorithm
by setting the demand of each product at 10 and equally distributed the
demand among the demand markets; the demand and supply prices are set to 0
initially.
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Numerical Examples - Example 1

Supply Markets o e
Demand Markets G e e

Figure: Example 1 Network Topology
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Numerical Examples - Example 1

Under perfect quality information, the data are as follows.

The supply functions are:

51(7r1,7r2) = 27T1 — 0.571'2 — 2, 52(7T1,7T2) = 27T2 — 0.571'1 — 2.

The unit transportation cost functions are:
ai1(@Qu1) = Qu+6, c2(Q2) =2Qu2+7, c13(Qu3) =4Q13 + 5,
n(@1) =2Qu+7, 2(Q2)=Qx+5, ©c3(Qxs)=4Qxs+6.

Dong “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Numerical Examples - Example 1

The quality functions are:
gi(m) =2m — 3, q(m) =2m — 3,

and the demand functions are:
d1(p11, p21, Gi1, Go1

di2(p12, p22, G12, G22) = —p12 + 0.4412 + 0.1p22 — 0.05422 + 35,
—p13 + 0.4413 + 0.1pp3 — 0.05G03 + 35,

di3(p13, p23, G13, Go3) =
= —p21 + 0.4@21 =+ 0.1p11 — 0.05@11 + 35,

( )
( )
( )
h1(p11, po1, Gu1, Go1)
( )
( )

Q

= —p11 + 0.4G11 + 0.1pp1 — 0.05421 + 35,

—p22 + 0.4G2 + 0.1p12 — 0.05412 + 35,
—p23 + 0.4G23 + 0.1p13 — 0.05G13 + 35.

dx(p12, p22, Gi2, G22
d3(p13, p23, G13, Go3
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Numerical Examples - Example 1

Table: Equilibrium and Induced Solutions to Examples 1, 2, 3, 4, and 5 Under
Perfect Quality Information

[ “ Example 1 [ Example 2 [ Example 3 [ Example 4 [ Example 5 ]

Q7 (ie., di1) 1321 16.51 10.83 13.62 12.78
Qp (e, di2) 8.31 10.51 6.74 3.02 14.21
Qf (e, di3) 5.56 6.88 450 5.73 5.38
Q; (e, da) 8.32 8.01 6.74 8.69 7.95
@ (e, d22) 13.70 13.29 11.29 417 23.13
Q% (e, d3) 5.35 5.20 4.37 5.58 5.12
™ 19.43 26.48 16.14 15.72 23.42

s 19.55 20.87 16.24 14.16 24.96

o 38.64 48.99 3297 35.34 42.20

P 43.05 54.51 36.63 46.51 58.83

i 46.67 58.99 39.50 43.63 49.95

P 43.19 43.88 36.72 38.54 47.85

P 38.25 39.15 32.53 44.18 53.09

P 46.96 47.68 39.74 4248 51.45

51 27.09 33.01 22.16 2237 3237

s 27.38 26.50 22.41 18.45 36.20

o 35.86 70.11 14.63 28.44 4384

@ 36.09 38.74 14.74 25.31 46.91
CWip 88.10 137.63 59.19 93.72 82.46
Wiy 34.89 55.84 22.97 4.60 101.92
CWi3 15.62 23.90 10.64 16.57 14.63
CWyy 34.97 32.38 22.95 38.17 31.88
CWa 04.82 89.15 64.42 8.80 270.25
CWa3 14.47 13.68 9.67 15.74 13.25
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Numerical Examples - Example 1

Under quality information asymmetry, the functional forms of the functions are
the same as those under perfect information, but with different variables.

Here, we assume consumers’ perceived quality levels in period 1 are:
A1 A1 A1
G =18, G2 =22, &3 =25,
Al Pt Al
Ga1 =18, G =22, g =25
Consumers in city 3 are most attracted by the initial extrinsic attributes of the

two milk products when they just enter the market, and consumers in city 1 are
least attracted.

Dong “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Numerical Examples - Example 1

a) Equilibrium Product Shipment Pattems for Product 1 b) Equilibrium Product Shipment Pattems for Product 2
14 14
e
5/
12 ﬁ 12t #
10 10
8 e a 8 f""
6 6f
4 = v 4 & v
QH 021
2 —a 2 —
Q'l Q2
0 e 0 il
Q’lS Q23
2 o, 2 Oy
-4 Q, -4 =0
] Qs 5 e
0 5 10 15 2 0 5 10 15 20

Figure: Evolution of the Equilibrium Product Shipments from Period 1 to

Period 20 for Example 1, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 1

) Equilibrium Demand Price Patiems for Product 1 d) Equilibrium Demand Price Pattems for Product 2
48
| s i e e S et B
% s P
a4 / e
o ¥
25 wl /
40 / R
B Fr— F
g : st / -
i’
% /f o ——
gl A
34} 4 P2 —
; 20 3
2 — P ——gn
0 Py [
» F-] N
» Pi2 [O%
% *—Py3 +— Py
2
0 5 10 15 2 (] 5 10 15 20

Figure: Evolution of the Equilibrium Demand Price Patterns from Period 1 to
Period 20 for Example 1, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 1

¢) Equilibrium Supply Price Pattems

20

195 p
19
185
18 ——a
175 ,‘q
)
7
5 10 15 20

Figure: Evolution of the Equilibrium Supply Price Patterns from Period 1 to
Period 20 for Example 1, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 1

a) Actual Quality and the Perception of Quality for Product 1 b) Actual Quality and the Perception of Quality for Product 2
k3
%
kS
34
34
2
2
30
20
P2 5
= —— % ¢
i —
2 ——h 24 ——th
2 ——dis 2 ——d5
Qi dis, o1, daa, 023,92
20 . 2 .
- -
18 18

Figure: Evolution of the Actual Product Quality and Perception of Quality
from Period 1 to Period 20 for Example 1, Along with Associated Results
Under Perfect Quality Information
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Numerical Examples - Example 1

¢) Consumer Welfare of Product 1 d) Consumer Welfare of Product 2
100 100 ———
HiL e & //
& &
o w0
2 £ 2 b
L ——cw, o ——cw,
20 ——cwl, - ——cw,
o cwi‘a & S ngj
60 — oW, €0 o
20 =W, 0 ——CW,
-100 —— W, 10 —— W,
0 5 10 15 2 ) 5 10 15 2

Figure: Evolution of Consumer Welfare from Period 1 to Period 20 for
Example 1, Along with Associated Results Under Perfect Quality Information
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Numerical Examples - Example 1

€) Values of Perfect Quality Information for Product 1 1) Values of Perfect Quality Information for Product 2
0 %
t t
cvrl, L]
t t
2 ——cvpl, 0 CVPL,
t t
cvpl VP,
2
15
15
10
10
5
5
o 0
5 5
0 5 10 15 2 0 5 10 15 2

Figure: Evolution of Values of Perfect Quality Information from Period 1 to
Period 20 for Example 1, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 2

Example 2 is the same as in Example 1, but in this example, supply market 1
applies a new technology that is able to improve product quality in a more
efficient way from time period 8 onwards. With this new technology, a higher
supply price is charged for product 1.

From time period 8, the supply function and the quality function of supply
market 1 become:

51(7'K‘1,71'2):]..757'(‘1—0.571'2—27 q1(71'1):0.17rf.

Dong “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Numerical Examples - Example 2

Table: Equilibrium and Induced Solutions to Examples 1, 2, 3, 4, and 5 Under
Perfect Quality Information

[ “ Example 1 [ Example 2 [ Example 3 [ Example 4 [ Example 5 ]

Q7 (ie., di1) 1321 16.51 10.83 13.62 12.78
Qp (e, di2) 8.31 10.51 6.74 3.02 14.21
Qf (e, di3) 5.56 6.88 450 5.73 5.38
Q; (e, da) 8.32 8.01 6.74 8.69 7.95
@ (e, d22) 13.70 13.29 11.29 417 23.13
Q% (e, d3) 5.35 5.20 4.37 5.58 5.12
™ 19.43 26.48 16.14 15.72 23.42

s 19.55 20.87 16.24 14.16 24.96

o 38.64 48.99 3297 35.34 42.20

P 43.05 54.51 36.63 46.51 58.83

i 46.67 58.99 39.50 43.63 49.95

P 43.19 43.88 36.72 38.54 47.85

P 38.25 39.15 32.53 44.18 53.09

P 46.96 47.68 39.74 4248 51.45

51 27.09 33.01 22.16 2237 3237

s 27.38 26.50 22.41 18.45 36.20

o 35.86 70.11 14.63 28.44 4384

@ 36.09 38.74 14.74 25.31 46.91
CWip 88.10 137.63 59.19 93.72 82.46
Wiy 34.89 55.84 22.97 4.60 101.92
CWi3 15.62 23.90 10.64 16.57 14.63
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Numerical Examples - Example 2

#) Equilibrivrs Product Shipment Pattems for Product 1 b) Equilibrium Product Shipment Pattems for Product 2
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Figure: Evolution of the Equilibrium Product Shipments from Period 1 to

Period 30 for Example 2, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 2

¢} Equilibrium Demand Price Pattems for Product 1 d) Equilibrium Demand Price Pattems for Praduct 2
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Figure: Evolution of the Equilibrium Demand Price Patterns from Period 1 to
Period 30 for Example 2, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 2

&) Equilibrium Supply Price Patterns

Figure: Evolution of the Equilibrium Supply Price Patterns from Period 1 to
Period 30 for Example 2, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 2

a) Actual Quality and the Perception of Quality for Product 1 b) Actual Cuality and the Perception of Quality for Praduct 2
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Figure: Evolution of the Actual Product Quality and Perception of Quality
from Period 1 to Period 30 for Example 2, Along with Associated Results
Under Perfect Quality Information
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Numerical Examples - Example 2

¢} Consumer Welfare of Praduct 1 d) Consumer Welfare of Product 2
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Figure: Evolution of Consumer Welfare from Period 1 to Period 30 for
Example 2, Along with Associated Results Under Perfect Quality Information

Dong “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Numerical Examples - Example 2

&) Values of Perfect Quality Information for Praduct 1 f) Values of Perfect Guality Information for Product 2
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Figure: Evolution of Values of Perfect Quality Information from Period 1 to

Period 30 for Example 2, Along with Associated Results Under Perfect Quality
Information
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Numerical Examples - Example 3

This example is the same as Example 1, except for the following. In time
period 5, due to technology development in milk production, sterilization, and
in quality management, a new process, and higher expectation from consumers,
stricter quality requirements and higher standards for milk products are
adopted. As a result, the measurement of quality changes. The two supply
markets then re-evaluate the relationship between their quality and supply
prices and determine new quality functions as the following:

q1(7r1)=7r1—1.5, QQ(7T2):7T2—1.5.

As in these new functions, the same supply price leads to half of the quality
value as before.
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Numerical Examples - Example 3

Table: Equilibrium and Induced Solutions to Examples 1, 2, 3, 4, and 5 Under
Perfect Quality Information

[ “ Example 1 [ Example 2 [ Example 3 [ Example 4 [ Example 5 ]

Q7 (ie., di1) 1321 16.51 10.83 13.62 12.78
Qp (e, di2) 8.31 10.51 6.74 3.02 14.21
Qf (e, di3) 5.56 6.88 450 5.73 5.38
Q; (e, da) 8.32 8.01 6.74 8.69 7.95
@ (e, d22) 13.70 13.29 11.29 417 23.13
Q% (e, d3) 5.35 5.20 4.37 5.58 5.12
™ 19.43 26.48 16.14 15.72 23.42

s 19.55 20.87 16.24 14.16 24.96

o 38.64 48.99 3297 35.34 42.20

P 43.05 54.51 36.63 46.51 58.83

i 46.67 58.99 39.50 43.63 49.95

P 43.19 43.88 36.72 38.54 47.85

P 38.25 39.15 32.53 44.18 53.09

P 46.96 47.68 39.74 4248 51.45

51 27.09 33.01 22.16 2237 3237

s 27.38 26.50 22.41 18.45 36.20

o 35.86 70.11 14.63 28.44 4384

@ 36.09 38.74 14.74 25.31 46.91
CWip 88.10 137.63 59.19 93.72 82.46
Wiy 34.89 55.84 22.97 4.60 101.92
CWi3 15.62 23.90 10.64 16.57 14.63
CWyy 34.97 32.38 22.95 38.17 31.88
CWa 04.82 89.15 64.42 8.80 270.25
CWa3 14.47 13.68 9.67 15.74 13.25
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Numerical Examples - Example 4

This example considers the same problem as in Example 1, except that city 2
becomes much more congested than cities 1 and 3 from time period 10
onwards, as sections of major highways to city 2 are under
construction/maintenance. From period 10 onwards, the unit transportation
cost functions to city 2 are changed to:

c12(Qu2, Q) = 2Q122 + Qu2Qx, 2(Qxn, Qr) = Q222 + Qu2Q@22.
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Numerical Examples - Example 4

Table: Equilibrium and Induced Solutions to Examples 1, 2, 3, 4, and 5 Under
Perfect Quality Information

[ “ Example 1 [ Example 2 [ Example 3 [ Example 4 [ Example 5 ]

Q7 (ie., di1) 1321 16.51 10.83 13.62 12.78
Qp (e, di2) 8.31 10.51 6.74 3.02 14.21
Qf (e, di3) 5.56 6.88 450 5.73 5.38
Q; (e, da) 8.32 8.01 6.74 8.69 7.95
@ (e, d22) 13.70 13.29 11.29 417 23.13
Q% (e, d3) 5.35 5.20 4.37 5.58 5.12
™ 19.43 26.48 16.14 15.72 23.42

s 19.55 20.87 16.24 14.16 24.96

o 38.64 48.99 3297 35.34 42.20

P 43.05 54.51 36.63 46.51 58.83

i 46.67 58.99 39.50 43.63 49.95

P 43.19 43.88 36.72 38.54 47.85

P 38.25 39.15 32.53 44.18 53.09

P 46.96 47.68 39.74 4248 51.45

51 27.09 33.01 22.16 2237 3237

s 27.38 26.50 22.41 18.45 36.20

o 35.86 70.11 14.63 28.44 4384

@ 36.09 38.74 14.74 25.31 46.91
CWip 88.10 137.63 59.19 93.72 82.46
Wiy 34.89 55.84 22.97 4.60 101.92
CWi3 15.62 23.90 10.64 16.57 14.63
CWyy 34.97 32.38 22.95 38.17 31.88
CWa 04.82 89.15 64.42 8.80 270.25
CWa3 14.47 13.68 9.67 15.74 13.25

“Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



Numerical Examples - Example 5

This example is the same as Example 1, except that, from time period 12
onwards, consumers in city 2 are more sensitive to product quality than before.
They are willing to purchase more of higher quality products and fewer of lower
quality products. The new demand functions at city 2 from time period 12
onwards become the following:

di2(p12, p22, G12, G22) = —p12 + 0.8G12 + 0.1p22 — 0.05G22 + 35,

d(p12, p22, G12, Go2) = —p22 + 0.8G22 + 0.1p1> — 0.05G12 + 35.
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Numerical Examples - Example 5

Table: Equilibrium and Induced Solutions to Examples 1, 2, 3, 4, and 5 Under
Perfect Quality Information

[ “ Example 1 [ Example 2 [ Example 3 [ Example 4 [ Example 5 ]

Q7 (ie., di1) 1321 16.51 10.83 13.62 12.78
Qp (e, di2) 8.31 10.51 6.74 3.02 14.21
Qf (e, di3) 5.56 6.88 450 5.73 5.38
Q; (e, da) 8.32 8.01 6.74 8.69 7.95
@ (e, d22) 13.70 13.29 11.29 417 23.13
Q% (e, d3) 5.35 5.20 4.37 5.58 5.12
™ 19.43 26.48 16.14 15.72 23.42

s 19.55 20.87 16.24 14.16 24.96

o 38.64 48.99 3297 35.34 42.20

P 43.05 54.51 36.63 46.51 58.83

i 46.67 58.99 39.50 43.63 49.95

P 43.19 43.88 36.72 38.54 47.85

P 38.25 39.15 32.53 44.18 53.09

P 46.96 47.68 39.74 4248 51.45

51 27.09 33.01 22.16 2237 3237

s 27.38 26.50 22.41 18.45 36.20

o 35.86 70.11 14.63 28.44 4384

@ 36.09 38.74 14.74 25.31 46.91
CWip 88.10 137.63 59.19 93.72 82.46
Wiy 34.89 55.84 22.97 4.60 101.92
CWi3 15.62 23.90 10.64 16.57 14.63
CWyy 34.97 32.38 22.95 38.17 31.88
CWa 04.82 89.15 64.42 8.80 270.25
CWa3 14.47 13.68 9.67 15.74 13.25
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Numerical Examples

In summary, the following insights can be drawn from Examples 1-5:

@ Comparing the results of Examples 1 and 2, a supply market’s more
efficient quality technology will enhance the consumer welfare of its own
consumers but might hurt that of its competitors’.

@ From the results of Example 1 and Example 3, simply imposing stricter
quality requirements will not improve consumer welfare, if no other effort
is made.

@ Comparing Examples 1 and 4, traffic congestion will harm consumer
welfare; thus, efficient and reliable transportation infrastructure is
important for the benefit of consumers.

@ Based on the results of Examples 1 and 5, consumers who value quality
more will benefit in terms of their welfare, but consumers who do not
may obtain lower welfare.
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Summary and Conclusions

@ We advance the modeling, analysis, and understanding of spatial price
equilibrium network models in which the products are differentiated and
consumers respond to the quality of the products through the prices that
they are willing to pay with consumers in our dynamic, multiperiod
model, learning about the product quality over time.

@ The models are especially reasonable in the case of agricultural products,
since consumers typically consume such products repetitively and will
learn about the brand’s product quality over time.

@ We also provide qualitative properties of the equilibrium supply price,
demand price, product flow, and quality level patterns, in terms of
existence, uniqueness, and convergence results.

@ Several numerical examples are provided with insights.

Dong “Michelle” Li, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8



Thank you!

o, The Virtual
\ bt
y of Lte

LA 23
¢ {2
R o »
Donicadabie Commentaries | The Supernetwork | Congratutations
B The Virtual Center for Supernetworks is an interdisciplinary center at the
= e n

supernetworks and serves as a resource on networks ranging from transportation and logistics,
including supply chains, and the Internet, to a spectrum of economic networks.

he ications of Sup: Include: ptimizati
and game theory; supply chain critical i ion to
electric pe s; financial networks; social networks; energy, the

‘and
network vulnerability, resiliency, and performance metrics; humanitarian logistics and
healthcare.

—
nstato == i
Nogurney's Blog Conterences m

N

The Braess Paradox
Translation
FEen
- 4 Information
Published - June 2016 r e s Photos

e —
! W CONFEREN
101he Vil Centerfo Supesnecworks,

Onzrer,

Funding for the Center has been Contact the Center: supernet@isenberg.umass.edu

Copyright 2001-2015

I Science Foundation

The ATET Foundation N —
The Rockefeller Foundat

The Jonm F- Smith Memeria Fund of the Unlversity of ISENBERG b

UMASS AMHERST

bera School of Management
setts.

@ For more information, please visit http://supernet.isenberg.umass.edu.
Dong “Michelle” Li

, Anna Nagurney, and Min Yu POMS 28th Annual Conference, Seattle, WA, May 5-8, 2017



