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RESUMEN 

El modelado y la predicción de partículas contaminantes son temas de 

especial interés en las ciencias ambientales y de la salud. El 

desarrollo de modelos de partículas contaminantes permite evitar 

contingencias ambientales, prevenir aumento en los niveles de 

enfermedades respiratorias sobre la población, entre otros. El 

objetivo de este trabajo es manifestar la factibilidad del uso de 

modelos de partículas contaminantes utilizando Máquinas de Soporte 

de Vectores (MSV). El caso de estudio en este artículo es la ciudad 

de México y su zona metropolitana, a partir de un conjunto de 

mediciones experimentales de partículas contaminantes con un radio 

menor a diez Micras (PM10) 

Palabras clave 

Modelado y predicción de partículas contaminantes, máquinas de 

soporte de vectores, PM10. 
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U+# &/# ,%"9"<1# '&# \01`0T7# 7# E"%"+,7# ?LCCP@:# )&+,%"'1# &+# /"# $%&'())(*+# '&# $"%,-)./"0#
)1+,"2(+"+,&0:#0&#.,(/(="#.+"#,5)+()"#K-9%('"#R.&#(+)/.7&#26R.(+"0#'&#01$1%,&#'&#4&),1%&0#7#/"#
,%"+0>1%2"'"# `"4&/&,# F".9&)K(&0# F9a;# !"0# 26R.(+"0# '&# 01$1%,&# '&# 4&),1%&0# .,(/(="+#
>.+)(1+&0# '&# T&%+&/# 3".00("+1# 7# $1/(+12("/;# !10# $"%62&,%10# .,(/(="'10# &+# &0,&# ,%"9"<1# 01+b#
,&2$&%",.%":#K.2&'"':#$%&0(*+#",210>5%()":#2&0:#'-"#'&# /"#0&2"+":#4&/1)('"':#'(%&))(*+#'&/#
4(&+,1#7#'",10#&0$&)->()10#'&#)"'"#$"%,-)./":#R.&#'"+#)121#%&0./,"'1#.+"#26R.(+"#'&#01$1%,&#
$1%# )"'"# ,($1#'&#)1+,"2(+"+,&# ?S\L:#c\L:#XVGC:#&,);@;# !10#$"%62&,%10# /(9%&0# 01+#"<.0,"'10#
"%9(,%"%("2&+,&;#

U+# &0,&# ,%"9"<1:# 0&# %&"/(="# .+# &0,.'(1# )12$"%",(41# .,(/(="+'1# 26R.(+"0# '&# 01$1%,&# '&#
4&),1%&0#)1+#/"0#>.+)(1+&0#'&#T&%+&/#3".00("+1#7#$1/(+12("/:#%&"/(="+'1#$%&'())(1+&0#'&#+(4&/&0#
'&# )1+,"2(+"+,&0# ",210>5%()10# '&# >1%2"# 2&+0."/:# )1+# '",10# '&# $"%,-)./"0# )1+,"2(+"+,&0#
)12$%&+'('"0# &+,%&# /10# "A10b# LCCa[LCGC;# !"0# $"%,-)./"0# "#21'&/"%# 01+# /"0#2&+1%&0# "# '(&=#
2()%"0#'&#'(62&,%1#?XVGC@;#

!(/%",0/"!0=/)",:0./%"')

!"# )1+,"2(+")(*+# "29(&+,"/# K"# 0('1# $1%# 4"%(10# "A10# .+# $%19/&2"# )%&)(&+,&# 7# )1+0,"+,&:#
&0$&)("/2&+,&#&+#)(.'"'&0#'&+0"2&+,&#$19/"'"0#7# =1+"0#2&,%1$1/(,"+"0;#UZ(0,&+#'(>&%&+,&0#
,($10# '&# )1+,"2(+"+,&0# "29(&+,"/&0:# $1%# &<&2$/1:# "/3.+10# )12$.&0,10# )121# '(*Z('1# '&#
0./>.%1:#21+*Z('1#'&#)"%91+1#7#$"%,-)./"0#"29(&+,"/&0#?$"%,()./",&#2",,&%@#R.&#0&#)1+0('&%"+#
)121#(+'()"'1%&0#,-$()10#'&#)"/('"'#"29(&+,"/#?d"291+(#()'"*+/#LCCB:#e1%4",K#()'"*+/#LCCC@;#

f/3.+"0# '&# /"0# $"%,-)./"0# R.&# 0&# &+).&+,%"+# 0.0$&+'('"0# &+# &/# "(%&# 01+# &2(,('"0#
'(%&),"2&+,&#'&0'&#0.#>.&+,&#'&#1%(3&+:#)121#)K(2&+&"0#(+'.0,%("/&0#7#)1)K&0:#$&%1#&+#1,%10#
)"010#)121#&/#'(*Z('1#'&#"=.>%&#S\L:#&/#'(*Z('1#'&#+(,%*3&+1#I\L:#&/#21+*Z('1#'&#)"%91+1#c\#
7# )12$.&0,10# 1%36+()10# 41/6,(/&0# ?W\c@:# 0&# (+,&%"),8"# )1+# 1,%10# )12$.&0,10# &+# &/# "(%&# R.&#
>1%2"+#$"%,-)./"0#./,%">(+"0#1#"&%101/&0:# /"0#)."/&0#4"%-"+#0.0#$%1$(&'"'&0#R.-2()"0#7#>-0()"0#
'&$&+'(&+'1# '&# 0.# /1)"/(=")(*+:# ,(&2$1g&0,")(*+# '&/# "A1# 7# 2&'(1# "29(&+,&# ?O%(330# ()' "*;:#
LCCa@;#

UZ(0,&#2.)K1#(+,&%50#&+#21+(,1%&"%:#21'&/"%#7#$%&'&)(%# ,&+'&+)("0#'&# /10#+(4&/&0#7#&>&),10#
'&#/"0#$"%,-)./"0#"29(&+,"/&0#?$"%,()./",&#2",,&%@#2&+1%&0#"#GC#h2#?^"+3#()'"*+/#LCGC:#!(+3#[#
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N"+#()'"*+/#LCCa:#O%(330#()'"*+/#LCCa@;#U0,"0#$"%,-)./"0#01+#&0$&)("/2&+,&# (2$1%,"+,&0#$1%#0.#
(2$"),1# &+# /"# 0"/.'# $89/()":# $1%# &<&2$/1:# &0,"# &0# /"# >%"))(*+# '&# $"%,-)./"0# R.&#
2"71%(,"%("2&+,&# 0&# "/1<"# &+# /10# $./21+&0H# &0,1# &0# $%(+)($"/2&+,&# 3%"4&# $"%"# /"# $19/")(*+#
260#4./+&%"9/&#)121#/10#+(A10#7#"+)("+10#?^&(+2"7%#()'"*+/#LCGC:#O%11T#()'"*+/#LCGC;#f'&260:#
K"# 0('1# /(3"'1# &/# (+)%&2&+,1# &+# )12$/()")(1+&0# 25'()"0# &+# (+'(4('.10# )1+# $%19/&2"0#
)"%'(14"0)./"%&0# &# (+'(4('.10# )1+# "02":# )1+# &/# (+)%&2&+,1# &+# /"# )1+)&+,%")(*+# '&# XVGC# 7#
XVL;Q#&+#&/#"29(&+,&#?^&(+2"7%#()'"*+/#LCGC@;#

U+#3&+&%"/:# /"0#$"%,-)./"0#2&+1%&0#"#GC#2()%*2&,%10# 01+#0.9[)/"0(>()"'"0#&+#i#'(4(0(1+&0b#
XVGC# ?$"%,-)./"0# '&# GC# 2()%*2&,%10# '&# '(62&,%1# "&%1'(+62()1@:# XVL;Q# ?$"%,-)./"0# '&# L;Q#
2()%*2&,%10@#7#XVG#?$"%,-)./"0#'&#G#2()%*2&,%1:#,"29(5+#//"2"'"0#$"%,-)./"0#./,%">(+"0@;#U0,"0#
8/,(2"0#+1#01+#,"+#&0,.'("'"0#'&9('1#"#0.#"/,"#41/",(/('"'#7#,"2"A1;#F&#").&%'1#)1+#'(4&%010#
&0,.'(10:#/"#)12$10()(*+#'&#XVGC#7#XVL;Q#3&+&%"/2&+,&#)1+,(&+&#)"%91+1:#0./>",10:#2&,"/&0#
7#1,%10#2",&%("/&0#(+1%36+()10#'&#'(>&%&+,&#)12$10()(*+#7#>.&+,&:#R.&#K")&+#&Z,%&2"'"2&+,&#
'(>-)(/# '&# 21'&/"%# 0.# )12$1%,"2(&+,1# ?d"291+(# ()' "*+/# LCCB@;# X1%# /"0# )"%"),&%-0,()"0#
$%&0&+,"'"0#&+#&0,10# ,($10#'&#$"%,-)./"0:#&0#R.&#$%&0&+,"+#.+#)12$1%,"2(&+,1#'(+62()1#+1#
/(+&"/#'.%"+,&#0.#,(&2$1#'&#4('":#'&9('1#"#,1'10#/10#>&+*2&+10#>-0()10#7#R.-2()10#$%&0&+,"'10:#
"/#(3."/#R.&#"#/10#)"29(10#)/(26,()10:#7#"#/"0#)1+'()(1+&0#3&13%6>()"0#'&#/"#6%&";#

,67&0/"1)-.)1(#(4%.)-.)8.!%(4.1)

!"# ,&1%-"# '&# /"0#26R.(+"0#'&# 01$1%,&# '&# 4&),1%&0# >.&#'&0"%%1//"'"#$1%# W"$+(T# &+# &/# "A1#'&#
GBBQ#?W"$+(T#()'"*+/'GBBQ@;#U0,6#,5)+()"#$&%,&+&)&#"/#629(,1#'&/#"$%&+'(="<&#".,126,()1;#!"0#
VSW#K"+#0('1#"2$/("2&+,&#.,(/(="'"0#&+#"$/()")(1+&0#'&#)/"0(>()")(*+#'&#19<&,10:#$%&'())(*+#'&#
0&%(&0# '&# ,(&2$1:# "+6/(0(0# $1%# %&3%&0(*+# 7# %&)1+1)(2(&+,1# '&# $",%1+&0;# !"0# 26R.(+"0# '&#
01$1%,&#'&#4&),1%&0#,(&+&+#)121#9"0&#&/#$%(+)($(1#'&#2(+(2(=")(*+#'&#%(&031#&0,%.),.%"'1;#

U+#&/#"+6/(0(0#2&'("+,&#26R.(+"0#'&#01$1%,&#'&#4&),1%&0:#/"#('&"#$%(+)($"/#&0#,%"+0$1%,"%#.+#
)1+<.+,1#'&#'",10#3#"#.+#&0$")(1#'(2&+0(1+"/#260#"/,1#4/'.,(/(="+'1#.+"#>.+)(*+#'&#2"$&1#+1#
/(+&"/#φ#7#$10,&%(1%2&+,&#%&"/(="%#.+"#%&3%&0(*+#/(+&"/#&+#&/#&0$")(1#'(2&+0(1+"/#1%(3(+"/;#X1%#/1#
,"+,1:# /"# "$%1Z(2")(*+# '&# /"# %&3%&0(*+:# "91%'"# .+# $%19/&2"# '&# &0,(2")(*+# '&# >.+)(1+&0#

.,(/(="+'1# .+# )1+<.+,1# '&# '",10# G = {xi,di}i
l # '1+'&# 3%# %&$%&0&+,"# 4&),1%&0# '&# &+,%"'"# 7#5%'

%&$%&0&+,"#/10#4"/1%&0#'&#0"/('"#'&0&"'10:#/"#%&$%&0&+,")(*+#>1%2"/#"#$"%,(%#'&#/"#>.+)(*+#φ:#0&#
2.&0,%"#&+#/"#0(3.(&+,&#&).")(*+b#

 

y = wiφi (x) + b
i=1

l

! # ?G@#

F1+'&# {φ(x)}i=1
l # %&$%&0&+,"# &/# )1+<.+,1# '&# '",10# '&# &+,%"'"# Z# {w}i=1

l # 7# 9# 01+# /10#

)1&>()(&+,&0#)"/)./"'10#2&'("+,&#.+"#>.+)(*+#'&#2(+(2(=")(*+#'&#%(&031#&0,%.),.%"'1#'&>(+('"#
&+#/"#&).")(*+#L;#

R(C) = C
1

N
Lε (di , yi )

i=1

N

! +
1

2
|| w ||

2
# ?L@#
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F1+'&:#

Lε (d, y) =
d − y − ε

0

"
#
$

%$

d − y ≥ ε

others
# ?i@#

F1+'&#ε#&0#.+#$"%62&,%1#&0,"9/&)('1:# Lε (d, y)&0# /"# >.+)(*+#$5%'('"0#ε[(+0&+0(9/&0#R.&#+1#

$&+"/(="#/10#&%%1%&0#'&#4"/1%#(+>&%(1%#"#ε;#U/#,5%2(+1#'&#/"#&).")(*+#L:#
1

2
w

2

#&0#/"#2&'('"#'&#/"#

>.+)(*+# '&# .+(>1%2('"'# 7# &/# >"),1%# '&# $&+"/(=")(*+# 6/' &0# .+"# )1+0,"+,&# %&3./"%(="'"# R.&#
'&,&%2(+"#/"#)12$&+0")(*+#&+,%&#/"#>.+)(*+#'&#%(&031#7#/"#.+(>1%2('"'#'&/#21'&/1;#

!"0#4"%("9/&0#'&#K1/3.%"#01+#/"0#%&0$1+0"9/&0#'&#/"#.+(>1%2('"'#'&/#21'&/1;#S(#(+,%1'.)(210#
/"0#4"%("9/&0#'&#K1/3.%"#ζ#7#ζj#&+#/"#&).")(*+#L:#+10#//&4"%6#"#/"#%&>1%2./")(*+#210,%"'"#"#&+#
/"#&).")(*+#Mb#

R(w,ζ ) =
1

2
w

2
+ C

* (ζ i + ζ i

* )
i=1

n

! wφ (xi ) + b − d i ≤ ε + ζ i # ?M@#

S.<&,1#"b# di −wφ(xi )+b−di ≤ ε +ζ i # ?Q@#

U+#)1+0&).&+)(":#/"#&).")(*+#'&#%&3%&0(*+#$.&'&#0&%#%&0)%(,"#'&#/"#0(3.(&+,&#>1%2"b#

f (x,α ,α *
) = (α i −α i

*
)K (x, xi ) + b

i+1

l

! # ?P@#

U+#/"#&).")(*+#P:#α#7#αj#01+#28/,($/10#'&#!"3%"+3&#R.&#0",(0>")&+#/"#(3."/'"'#αi *αi

*
= 0 :#

αi

* ≥ 0 :#(:k:/:H#$.&'&#0&%#)"/)./"'"#2"Z(2(="+'1#/"#>1%2"#'."/#19,&+(&+'1b#

φ(α,α*)= di (αi,αi

*)−ε (αi,αi

*)−
1

2
(αi,αi

*)(α j ,α j

*)
j=1

l

!
i=1

l

!
i=1

l

!
i=1

l

! K(αi,α j )# ?_@#

F1+'&:#

(αi −αi

*
) = 0

i=1

l

!  

con restricciones: 

 i=1,…,l 

0 ≤α*

i ≤C #(lG:k:/# ?a@#

F&#").&%'1#"#/"#+",.%"/&="#)."'%6,()"#'&#/"#$%13%"2")(*+:#0*/1#/10#$"%&0#'&#'",10#'(0,(+,10#

'&# )&%1# (αi −α i

*
) # $.&'&+# 0&%# .,(/(="'10# )121# 4&),1%&0# '&# 01$1%,&# 7# J?Z(# :# Z<@lφ?Z(@j# φ?Z<@#

%&$%&0&+,"+#/"0#>.+)(1+&0#'&#T&%+&/;#
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'"1)2&/!0(/.1)-.)>.4/.')

!10#)6/)./10#%&/")(1+"'10#)1+#φ#0&%6+#%&"/(="'10#0*/1#$1%#.+"#>.+)(*+#'&#T&%+&/#7#0&#"$/()"%6+#
"#.+#)1+<.+,1#'&#'",10#'&#&+,%"'"#?W"$+(T:#GBBQ@;#X"%"#R.&#.+"#>.+)(*+#2",&26,()"#$.&'"#
0&%#.,(/(="'"#)121#>.+)(*+#'&#T&%+&/:#'&9&#0",(0>")&%#/"#)1+'()(*+#'&#V&%)&%D0#?S)Km/T>1$>#O#7#
S21/":#GBBB@;#!"#)1+'()(*+#'&#V&%)&%D0#&0,"#'&0)%(,"#&+#/"#&).")(*+#Mb#

K(xi, x j ) = φ(xi ),φ(x j )  (4) 

!"0# >.+)(1+&0# '&# T&%+&/# 01+# .+# ,*$()1# '&# &0$&)("/# (+,&%50# &+# &/# '&0"%%1//1# 7# /"#
(2$/&2&+,")(*+# '&# 26R.(+"0# '&# 01$1%,&# '&# 4&),1%&0:# '&9('1# "# R.&# /"0# 1$&%")(1+&0:#
%&/")(1+"'"0#)1+#φ:#01+#%&"/(="'"0#8+()"2&+,&#$1%#.+"#>.+)(*+#'&#T&%+&/#J#7#0.#$%1$*0(,1#&0#
,%"+0$1%,"%#.+#)1+<.+,1#'&#'",10# Z:# "#.+#&0$")(1#'(2&+0(1+"/#260#"/,1:# n;# !"0# >.+)(1+&0#'&#
T&%+&/# ,"29(5+# $&%2(,&+# "+"/(="%# $%19/&2"0# +1[/(+&"/&0# &+# .+# 0.9)1+<.+,1# '&# $%19/&2"0#
/(+&"/&0# ?S)Km/T>1$># 7# S21/"# GBBBH# c%(0,("+(+(:# LCCC@;# U+# &0,&# ,%"9"<1# 0&# $%1$1+&# &/# .01# '&#
>.+)(1+&0# '&# T&%+&/# '(0,(+,"0:# 3".00("+1:# 7# $1/(+12("/;# f# )1+,(+.")(*+# 0&# $%&0&+,"+# /"0#
>.+)(1+&0#'&#T&%+&/#260#.,(/(="'"0#/"#/(,&%",.%"#'&#26R.(+"0#'&#01$1%,&#'&#4&),1%&0b#

!"#'&>(+()(*+#'&#.+"#>.+)(*+#'&#T&%+&/#3".00("+1#&0,6#'&>(+('"#&+#/"#&).")(*+#Q:#'1+'&#σ#&0#
.+#$"%62&,%1#/(9%&#7#0.#4"/1%#$.&'&#0&%#"<.0,"'1#'&#2"+&%"#"%9(,%"%("#?c%(0,("+(:#LCCC@;#

K(xi , x j ) = exp
− xi − x j

2

2σ 2

&

'

(
(

)

*

+
+
# ?Q@#

!"# >.+)(*+# '&# T&%+&/# $1/(+12("/# &0# '&>(+('"# ?S)Km/T>1$># 7# S21/":# GBBB@# $1%# /"# &).")(*+#P;#

F1+'&# xi, xj # &0# &/# $%1'.),1# $.+,1# '&# 3%# 7# 37:# /"# 4"%("9/&# (+'()"# /"# /1+3(,.'# '&/# &0$")(1#

'(2&+0(1+"/#2"$&"'1b#

K(xi , x j ) = ,xi , x j -
d
# ?P@#

U+# 3&+&%"/:# .+"#26R.(+"# '&# 01$1%,&# '&# W&),1%&0# )12$"%,&# .+#21'&/1#2",&26,()1# 7# .+"#
"%R.(,&),.%"#0(2(/"%#"#.+"#%&'#+&.%1+"/:#&0,1#0&#(/.0,%"#&+#/"#n(3.%"#LG;G;#

 
5&B="*(LMHM(!"J=&#$1#="*(.$(=2*(%6J=&2*(.$(4'N'"#$(.$(3$1#'"$4H(
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,.%(-('(9$")

!"# 2&,1'1/13-"# $%1$.&0,"# &0# ,12"'"# '&# !.# 7# ^"+3# ?LCCQ@# 7# ^"+3# ?LCGC@:# &+# /"# R.&# 0&#
'&0)%(9&:# '&# 2"+&%"# 3&+&%"/:# /10# $"010# 2-+(210# +&)&0"%(10# $"%"# %&"/(="%# $%&'())(1+&0# '&#
$"%,-)./"0#)1+,"2(+"+,&0:#.,(/(="+'1#26R.(+"0#'&#01$1%,&#'&#4&),1%&0#7:#'&#2"+&%"#&Z)/.0(4":#
>.+)(1+&0#'&#T&%+&/#3".00("+"#7#$1/(+12("/;#U+#&0,"#,&0(0:#0&#$%1$1+&#&/#.01#7#/"#)12$"%")(*+#
'&#'(>&%&+,&0#>.+)(1+&0#'&#T&%+&/:#"A"'(&+'1#9/1R.&0#&Z,%"#"#/"#2&,1'1/13-"#0.3&%('"#R.&#0&#
2.&0,%"#&+#/"#n(3.%"#LG;L;#

4.1&'%"-(1).5#.40,./%"'.1)

],(/(="+'1# 2&'()(1+&0# &Z$&%(2&+,"/&0# '&# XVGC# '.%"+,&# /10# "A10# LCCa# "# LCGC:# ?'1+'&# /10#
'",10#'&/#LCCa#7#LCCB#0&#.,(/(="%1+#$"%"#)%&"%:#&+,%&+"%#7#">(+"%#&/#21'&/1#'&#VSWD0@#0&3.('1#
'&#28/,($/&0# 0(2./")(1+&0# %&"/(="'"0# ?"<.0,"+'1# /10# 4"/1%&0# '&# /10# $"%62&,%10# /(9%&0# '&# /"0#
VSW@:# &/# $"%62&,%1# /(9%&#o# 0&#"<.0,*# )1+#4"/1%&0#'&#LH#&/# $"%62&,%1# /(9%&# p# 0&#"<.0,*# )1+#.+#
4"/1%#GGH#/"#4"%("9/&#'&#)12$&+0")(*+#c#0&#"<.0,*#)1+#&/#4"/1%#'&#GCCC;##

5&B="*(LMHO*H(0'.$-'(.$(N*"#P1=-*4(

1'2#*%&2*2#$4(A0MQ(%$.&*2#$(

%6J=&2*4(.$(4'N'"#$(.$(3$1#'"$4(

=#&-&7*2.'(=2(R$"2$-(;*=44&*2'H(

((((

((((

((((

((((

((((

5&B="*(LMHOSH(0'.$-'(.$(N*"#P1=-*4(

1'2#*%&2*2#$4(A0MQ(%$.&*2#$(

%6J=&2*4(.$(4'N'"#$(.$(3$1#'"$4(

=#&-&7*2.'(=2(R$"2$-(;*=44&*2'H(

 

 
5&B="*(LMHOH(0'.$-'4(!2=*-$4(.$(N*"#P1=-*4(1'2#*%&2*2#$4(A0MQ(%$.&*2#$(%6J=&2*4(.$(

4'N'"#$(.$(3$1#'"$4H(

 
####
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