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A Comparison of Ambulance Location Models
in Two Mexican Cases
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* Optimization Models: DSM, ARTM, MEXCLP
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Motivation

e Location of bases for ambulances: Strategic decisions of EMS planning.

e \Vast literature: Most of them about European operating conditions. Also in Japan,
US, Canada,

e Very few studies in LA: Mexico, Brazil, Colombia
e Mexican situation: Many options to locate them.
* Latin America: No much available data on service quality

Universidad EAFIT, Medellin, Colombia, July 2018 7



UDEM

Research questions

For the case cities:

 How is the service quality of EMS compared to international standards?
* Which discrete ambulance location model performs better?
« What would be the best configuration, given available resources?

« What suggestions arise for a future dynamic (real-time) location and
relocation ambulance system?

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018



EMS: Emergency Medical Services

The process

Brief review

Performance indicators

Some standards

Universidad EAFIT, Medellin, Colombia, July 2018



EMS: Emergency Medical Services

Ambulance in service (busy)

<
<t >

Response time

) Pre-trip delay » Service time R
Triage & Chute Travel On scene Travel time Handover Travel time
dispatch time time time to hospital time To base
Call Ambulance Ambulance Arrival at Departure Arrival at Ambulance Ambulance
arrival assigned departure patient From scene hospitall available At base
5 min 4.84 min 1.22 min 12.04 min 15.50 min 21.66 min 49.94 min 18.471 min
o.=7.42 o =278 o =9.83 o =16.45 g =17.62 o0 =108.52 0o =34.89
Carranzaetal, 2017 vanden Berg, 2016

UDEM Sample takenin sept, 2017.

Mexican Red Cross, Monterrey

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Review on Location Models

* Several recent reviews (Hadiyul et al,
2018, Rodriguez et al, 2017, Reuter-
Oppermann, 2017, Aringhieri et al, 2017

Riscrete location problems

Ahmadi-Javid et al, 2017, Li et al.,, -

¥ ¥
2 O 'I 'I ) _ Covering-kased problems Median-based problems Other prablems
¥
o H . Set covering location pemedian location Other itama
Uncertainty: - rablems ‘ ——
i o | srylgn, mazisum
o demCInd, T:E:p:r:l::'«:\.'.-l- I':-::hllli:ur
° H HH . haximal covering Fized charge facility P
avai Iq bIIITy Of EMS VethIeS, qnd —¥ location problems ‘ location prablems
* response times.
» p-renter location
e Main KPls: problems
* Response Time, Fig. 1. A classification of discrete location problems.

* single, double or multiple coverage,
* preparedness level.

UDEM

Ahmadi-Javid etal., 2017

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Performance indicators

Response time Covering

A given % demand covered within X min

e RTT in US: 9 min

(most common RTT)* [1] e Usually 10 min, 15 min or 8 min**

e RTT in UK: 8 min for most critical

* Once or twice or more times.

calls.

Real

* 95% call <10 min (The EMS Act of 1973, in [5])

US Real: 90% life-threatening calls in < 9min.

* Tijuana, Mexico:

e UK Std: 75% most critical calls in < 8 min;
UK Real: 65-75% in 3 cities. [6]

ART: 14 min, 0 = 7 min [3]

* Monterrey, Mexico:

UDEM

ART: 19.10 min, 6 =12.62 min. [4] threatening calls in < 30 min. [6]

* Japan Real: < 5min once: ~60%, twice:~10%, <10 min twice: ~80% [2]
* RTT: Response Time Threshold [3] (Dibene et al., 2017)
**US National Fire Protection Association’s recommendation [4] (Carranza et al., 2017)
[1] (Aringhieri etal., 2017) [5] (Lietal., 2011)
[2] (Limpattanasiri. 2016) [61 (Reuter-Oppberman. 2017)

* Germany Std: 95% life- threatening calls in < 15 min; all non life-

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Optimization Models

e DSM
« ARTM
« MEXCLP

Universidad EAFIT, Medellin, Colombia, July 2018
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Coverage, double coverage and response time illustration

100% coverage in r,:
*  Min: 2 bases

e 2or3o0r4&70r9
e or:1,230r4&7

100% coverage in ry:
* Min: 3 bases
e 4,80r9&0

min response time:
e 1base:7

e 2bases:3,9

e 3bases:3,8&0

UDEM

» Lietal, 2011

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Some common notation

Sefs: Variables:

i € I: demand zones {1,2,3,+-, D} Vier = {1 if demand point i is covered k times at time interval t, within r,
j € J: potential bases {1,2,3, -+, p} thet 0 otherwise o

k € K: ambulances {1,2,3, -, A} v = {1 if a base is open at location j

s € S: service types {1,2,3} ! 0 otherwise

t € T: time slots {1,2,3, -+ T} u;; = Number of identical ambulances assigned at base j at time 7.
Zpc= Weighted double coverage

Paramefers:

a: Minimal coverage in r; (%)

W;..: Weighted demand in zone i, for service type s, at time ¢t
v;: Maximum number of ambulances at location j

1 {1 if location j covers demand point i within r;

a;; = .
W 0 otherwise ‘ o
2 {1 if location j covers demand point i within r,

ai; = )
e 0 otherwise

UDEM

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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DSM: Double Standard Model

Sers:

i € I: demand zones {1,2,3,:--,D}
J € J: potential bases {1,2,3,,p}
k € K: ambulances {1,2,3,:--, 4}
s € S: service types {1,2,3}

t € T: time slots {1,2,3,--- T}

Variables:
1 if demand point i is covered k times

Yike = ] attime interval ¢, within ry

0 otherwise .
- {1 if a base is open at location j

xX; = ]
] 0 otherwise

Gendreau etal (1997)

UDEM

max ZDC :Z:j Zs Zt (Wirs yiz:)
Subject to:

Zjaizjujt =1 Vit

s 2i WitsVite 2 HZS Y Wi VU
Vikite = YVike V0Kt

Zja;:lj Ui = Yire T Yioe Vi, T

ujr < Uj ij V},t

Z_} ujt = A Vt

LiXj S p

v €{0,1} Vi yu. €{0,1} Vit
uj = 0,integer Vj,t

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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ARTM: Average Response Time Model

MinZpr =X Xs Xe 2j Wies t0ij Vije
Subject to:

Xiviye =1 "?"f;‘f
Yip = X V)t

Ui < ;% Vj,t

j
Zjujt = A Vit
LjXj < p

X; € {0,1} \JF

uj, = 0,integer Vj,t
y”fE{U-’l} vl,j,t

Additional Variables:

Vi = {1 if the open base j is the nearest opened base to demand point i at time ¢
Additional Parameters: o ’ 0 otherwise
tp;;: Response time from location j to point i. Zgr: Average response time

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018

P-median: ReVelle and Swain, 1989

U D E M Dzator and Dzator, 2013
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MEXCLP: Mean Expected Covering Location Problem

max Zyc = X s Le Wies L d" (1= @) Yire
Subject to:
Zk Yikt = Ej ﬂ;'_lj Uje Vi, t

Vik+1t = Yoike V0Kt

ujt < Uj ij VJ,I

ZJ ujt = A Vit

Xj% < p

xj €{0,1} Vj; yur €{01} Vit

uj = 0,integer Vj,t

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018

Additional Paramelers: Additional Variables:
q: Probability that an ambulance is busy (or not available/ not working) within r;. Zyc: Expected coverage
UDEM Daskin, 1983

[HEY
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Two Mexican Cases: Monterrey and Tijuana

Demand zones
Potential base locations

Demand behavior and scenarious

e Travel time

Universidad EAFIT, Medellin, Colombia, July 2018 19



Monterrey

W,
1

r

¥ * Capital of the northeastern state of Nuevo Leon, in Mexico.
* Third-largest metropolitan area.

* Metropolitan area >5,300 km? and >4.7 million inhabitants

Villarreal, B., Frutos, G., 2018

UDEM (INEGI, 2015)

20



Monterrey

VI@M@W@XV

* 42 equal quadrants
o ~ 23km? each

* Each demand zone corresponds to a
quadrant.

UDEM

Demand zones

Sierra El Fraile

LuGLua

San Miguel
¥ g Simeprodeso
Ot g o n == @)= = W === omogg o == R e \ Tl i)
[ 120 km 110 km Ngelé)ﬂ km 90 km
! o ” < . @ o  Colinasdel
{ wuevokeo” 400 == 1 valledel % Aeropie :
g . INU’GS‘?@L Ciudad o o Salduero 0 .
3 escopepo. General
Los Parques A ESC‘.’b‘-‘d" ° O ) @ ) ]
' 5 A ¥ = ~ Ciudad 7 ]
: LA ALIANZA Apodaca N 1
e O O O ° O Woe a0t
& ¢ San Nicolds (490] ]
& g O O *de los Garz% O & Nhse
MO ST 1
g BOSQUES DE 125 km HACIENDA EL 4
° S CUNS, O O O ° CAMPAtg RIO, e
? LAS CUN®ARES J 2 948 km? B @ o X :
i O 0 ® ° ® 0 10} 1
! MITRAS CENTRO N\ ]
e O *Monterrey e e 205 Puertos’, @
Santa ICatarir]a OBISRADO Guadalupe LA Cg'MEDIA 70‘2(
- o ) BAR®O ANTIGUO O 9, O 9,
(a0}, ®  San Pedro ]
s Garza Garcia &35 5 o S o Judrez e
1
: CONTRY. Valle de 1
' O ) L) L) o \&iquerfas U :
' Reserva ]
I Y - u@aigrmana= Na'uralGerro-g - = = = = Artgledasgle - - o
30 km 40 km dela S0km San Rogolkm
(INEGI, 2015).

Marin

Cadereyta
Jiménez

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Monterrey

VI@M@W@W

* Convenience stores all over the city.

* Each potential base with basic features:
space, electricity, etc.

* 884 possible sites

UDEM

Potential base locations

San Miguel & i

Simeprodeso

(&

Colins; del.
Aeropuesoc®
» 3]
¢ @

()
o & E Pesqueria

Los Parques @

Vaguerias A @
Reserva - -
o Natural Cerro ® e Arboledas de
{eg  delasSila San Roque

(INEGI, 2015).

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Tijuana

juana

UDEM

* The largest city on the Baja California Peninsula.
* Located at the northwestern of Mexico, next to the US border.

* Metropolitan area >1,390 km2 and 1.8 million inhabitants

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018

(INEGI, 2015).
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Tijuana

Demand zones
I“’ K it

* 15 equal quadrants
e ~ 25 km? each

* Each demand zone corresponds to a
quadrant.

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018




Tijuana

juana

* Convenience stores all over the city.

* Each potential base with basic features:
space, electricity, etc.

* 434 possible sites

UDEM

Potential base locations

S
MESA DEOTAY @
SAN X EIDRO
’ e ™ o
#"CERITA O ;Tp; e85y s

i E:- g8 R"'L

&9 2

* [
Jﬁ.RDIHI...{] RADO®

85100 0J0
I:I[‘-'-'I.IEL'II.

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Demand Behavior for both cities

Monterrey

a El Fraile P M Marin

Zuazua

in Migu

o
e®

Reserva
tural Cerro

de la Silla

L0

o >
J’,’mcdm de
San Roque

Cadere
Jimén

LaEstanzuela  ®

* 14,368 calls. Red Cross of Monterrey
* November 2016 to April 2017.

Tijuana

Imperial Beach

Iberth

Ll
Rosaritcy
L)

Ejido Morelos

* 10,176 calls. Red Cross of Tijuana
* January 1 to August 31, 2014.

GPS location and priority levels of each call (Siren, Silent

Urgency, Make the service brief).

UDEM

larreal, B., Frutos, G., 2018

Comparison of Location Models. Diaz, J, Granda, E., V
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Demand Scenarios and Travel Times

Monterrey and Tijuana

e Scenarios:

UDEM

Morning, afternoon, night, and an overall case.

8
7
v
a6
£
kS 5
% 4
g3
E
= 2
=
: |
0
7, 8!9:10/11/32|/13 14|15 |16(17|18/19/20/21|22|123/0 1,2 |3 |4 |5 | &
Matutino Vespertino Nocturno
Hora
— NS martes = miércoles jueves s—iernes SADAA0 w—domingo

* Travel time:

Average speed using Google
Maps and its forecast of average
transfer times between strategic
points in the city.

NUEVO
REPUEBL

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Numerical Experimentation

e Settings
e Performance indicators
e Results

Universidad EAFIT, Medellin, Colombia, July 2018



Numerical experimentation

Experimentation setting
* Models: in GAMS 23.5 - CPLEX

* Standard laptop
* Post-processing in Matlab or GAMS.
* Parameters
* B= 15 minutes, By = 30 minutes
e 2= 0.7
* P& 20 for Tijuana and BI&F 40 for Monterrey
RA=26,7..,0

* 4 scenarios (am, pm, night, day)

UDEM Erkutetal., 2009

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Numerical experimentation

Calculation of g

 P1([, ) the Erlang Loss Function which measures the fraction of lost
calls in an M/G/A/A queueing system

=00 -Bpaxwlya B =[1/>

al, B, Frutos, G., 2018

of Location Models. Diaz, J, Granda, E., Villarre

TIHUANA MONTERREY
A E(t) [min] q Max 4 A E(t) [min] q Max 4
0.022 20.04 [0.09-0.29] [6-20] 0.055 85.98 [0.12-0.63] [6-40]

Erkutetal., 2009
UDEM Dibeneetal., 2017

omparison



UDEM

Numerical experimentation

Performance measures

* Coverage related criteria:
* % of locations covered once, twice, and three times withint. (equity).
* % weighted demand covered once, twice (DSM), and three times within[f,.
* % of locations and weighted demand covered once within 10 min and B = 30 min

* Response time related criteria:
* maximum response time,

* Average response time (ARTM)
* Evolution as A increases

e Current capacity performance

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018



Results...on coverage

TIJUANA MONTERREY

Criterion Description DSM ARTM MEXCLP2| DSM ARTM  MEXCLP2

1 Single location coverage 91.6% 80.4% 96.9% | 86.3% 73.6% 84.9%
Double location coverage 87.1% 26.2% 81.3% |(74.8% 38.8% 66.0%
Triple location coverage 12.0% 9.8% 61.8% | 4.6% 8.5% 40.5%

Single Demand Coverage | 99.7% 96.4% 100.0% | 94.9% 94.2% 96.7%
Double Demand Coverage| 98.6% 46.6% 96.7% | 88.4% 63.6% 87.8%
6 Triple Demand Coverage 43.9% 20.6% 85.5% | 7.1% 20.5% 66.2%

O hNjW D

* DSM better in 2Coyv, not significantly better than MEXCLP
* DSM also better in 2Loc-Cov, not much than MEXCLP
* MEXCLP better in 1Cov and 3Cov, both demand and location

* ARTM worst in all coverage: though 1Cov is acceptable, 2Cov is deficient, and
3Cov is the worst.

UDEM

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018



Results... on others

TIUUANA MONTERREY
Criterion Description DSM ARTM MEXCLP2| DSM ARTM MEXCLP2
7 Max. Response time (min) 27.94 30.81 28.62 29.72 44.69 59.18
8 Avg. Response time (min) | 11.88 6.58 12.21 11.82 10.41 13.55
9 z_ExpCov 0.976 0.868 0.984 0.866 0.816 0.897
10 10 min threshold 30% 77% 19% 36% 56% 29%
11 30 min threshold 100% 100% 100% 100% 96% 94%

UDEM

e ARTM: ~60% ART of others, and better in 10 min 1Cov

* MEXCLP thought better in expected coverage (as expected), not much than DSM.
* DSM and ARTM similar! With no dominated solutions (Covs and ExpCov), DSM lightly

better in ARTs.

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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50%
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1, 2, and 3

Coverage + y .
- Tijuana case
response DSM 7%

time for sox :
different sox i

20%

number of

0% o 0 100% 16
an lbUIanceS 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 0% /v—o—o-—M .
Time ~=@==Single Coverage -—@=Double Coverage -—@—Triple Coverage 80% A o

12
708
60% 10
50% 8
4086 6
100% 16 30%
9% 14 208 !
80% 10% 2
70% 1 0% 0
60% 10 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
50% /. 8 —@—Single Coverage =—@==Double Coverage =—@=—Triple Coverage Time
40% 6
ARTM .. MEXCLP
20% /—/H 3
>90% 2Cov: o 2
° 0% 0 Better backup coverage
DSM: 10 amb (133 min) 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
ARTM : Never =@ Single Coverage e—@==Double Coverage =@-Triple Coverage Time

MEXCLP: 11 amb (12.6 min)
Universidad EAFIT, Medellin, Colombia, July 2018 35



Results — Current capacity

TIJUANA (A=8 ambulances) MONTERREY (A = 14 ambulances)

Performance indicator

DSM ARTM MEXCLP DSM ARTM MEXCLP

Response time (min) 14 10 18 13.8 12.3 15.2
Single zone coverage 87% 53% 60% 81% 67% 43%
Double zone coverage 84% 0% 60% 48% 14% 43%

* DSM performs better in coverage: both cities, both types (demand and
location), and in 1Cov, 2Cov, and 3Cov.

* Differences with ARTM in terms of ART, suggests potential improvements of
O.F. for DSM (multi-objective)

* Two cases: not enough to see correlation among A, city size, and demand.

UDEM

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018



Conclusions

~

_'>_-;=-' For Monterrey & 21 <.

= % capacity: DSM
g o] * DSM: in general
O Y < MEXCLP: only
o + best in multiple
R ()] coverage

> =l « ARTM: bad

()} coverage

(Vp)

performance

UDEM

2

Best Configuration

L

Monterrey 2 e DSM + RT
e DSM: 20 veh: O

12 min, >90% "5 ARTM +

once, 80% O backu

twice c P
Tiivana GE) coverage
e DSM: 10 veh: = ° Pay

90% once, O attention to

90% twice, o

13min (a4

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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Conclusions and further work

e Done: comparison based on LA real data
e Extensions: different service priorities, zone coverage

e Further: priority analysis, combining models, multiperiod, continuous
(dynamic) location

Universidad EAFIT, Medellin, Colombia, July 2018



Thank you

Jenny Diaz Ramirez, jenny.diaz@udem.edu
Edgar Granda, edgar.granda@udem.edu
Bernardo Villarreal, bernardo.villarreal@udem.edu
Gerardo Frutos gerardo.frutos@udem.edu

Universidad de Monterrey, Monterrey, Nuevo Leon, Mexico

Universidad EAFIT, Medellin, Colombia, July 2018
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UDEM

Coverage, double coverage and response time illustration

018

Comparis%of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2
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Results

TUUANA MONTERREY
Criterion Description DSM ARTM MEXCLP2 DSM ARTM MEXCLP2

1 Single location coverage 91.6% 80.4% 96.9% 86.3% 73.6% 84.9%
2 Double location coverage 87.1% 26.2% 81.3% 74.8% 38.8% 66.0%
3 Triple location coverage 12.0% 9.8% 61.8% 4.6% 8.5% 40.5%
4 Single Demand Coverage 99.7% 96.4% 100.0% 94.9% 94.2% 96.7%
5 Double Demand Coverage | 98.6% 46.6% 96.7% 88.4% 63.6% 87.8%
6 Triple Demand Coverage 43.9% 20.6% 85.5% 7.1% 20.5% 66.2%
7 Max. Response time (min) 27.94 30.81 28.62 29.72 44.69 59.18
8 Avg. Response time (min) 11.88 6.58 12.21 11.82 10.41 13.55
9 z_ExpCov 0.976 0.868 0.984 0.866 0.816 0.897
10 10 min threshold 30% 77% 19% 36% 56% 29%

11 30 min threshold 100% 100% 100% 100% 96% 94%

UDEM

Comparison of Location Models. Diaz, J, Granda, E., Villarreal, B., Frutos, G., 2018
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