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Prediction intervals for blast furnace consumption gas with incomplete input based on 
dynamic Bayesian networks  

Long Chen1, Ying Liu1, Jun Zhao1 Wei Wang1 
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E-mail: liu_ying@dlut.edu.cn 
 

Abstract: Considering the problem of prediction intervals for gas flow in steel plant, and given the industrial data feature 
of high level noises and incomplete input, a high order dynamic Bayesian network (DBN)-based PIs construction method 
for industrial time series is proposed in this study. For avoiding to designating the amount and type of the basis functions 
in advance, a linear combination of kernel functions is designed to describe the relationships between the nodes in the 
network, and because of the non-linear relationship between the nodes, the approximate inference is employed in the 
reasoning stage to construct the intervals. To verify the performance of the proposed method, a real-world industrial data 
(the consumption flow of blast furnace gas) are employed. The results indicate the effectiveness of our proposed method 
for the PIs construction of the industrial data with incomplete input. 
Key Words: Prediction intervals, Dynamic Bayesian network, Kernel, Incomplete input

6003978-1-4673-9714-8/16/$31.00 c©2016 IEEE



, 
, 

, 
, [9]. 

, [10,11]

[12,13] . [14]
, 

[15]. [12]
, 

B , B
, , .  

, 
, 

. 
, 

. 
, 

. 

, 
, 

, , 
.  

2  

, 
, 

, . 
1 . 1(a) , 

. 
; 

; , 
. 1(b) , 

, , 
, , 

. 
.  

, 
, 

. 
, . 

, 
.  

 
(a)  

 
(b)  

1  

3  

, 
, 

. [12]
, 

, 
. 

.  

3.1   

1{ }Ni i=x , 

{ }1 1{ } ( ) ilp
i ij j i tt= == =x x x , ( )(1), (2),..., ( )

T

ij ij ij ij ix x x l=x , 

( )i tx i t
, il . i

:  

1 1 1 1

2 2 2 2

3 3 3 3

(1) (2) (3) ... ( )
(1) (2) (3) ... ( )
(1) (2) (3) ... ( )

... ... ... ... ...
(1) (2) (3) ... ( )

i i i i i

i i i i i

i i i i i

ip ip ip ip i

x x x x l
x x x x l
x x x x l

x x x x l

 

, t j
[ ] ( )j tx . ( )jX t t
j , n ,

. 1{ ( )}Nij it =pa , 

{ }( ) ( ) ( )( ) ( ),..., ( ),..., ( )t t -k t -n
ij ij ij ijt t t t=pa pa pa pa ,

{ }( ) ( )

1
( ) ( ) j,t-kqt -k t -k

ij ij,m m
t pa t

=
=pa . ( ) ( )t -k

ij tpa ( )jX t

6004 2016 28th Chinese Control and Decision Conference (CCDC)



t k− . [ ] ( )j tpa
t j .  

, n
:  

( )
1 1

( | ) ( ) ( ); ( ) ,

1, 2,...,

il p
<t>

DBN i G j ij ij j
t j

f f x t | t t

i N

θ
= =

=

=

∏∏x paθ
   (1) 

, { } 1
( ) 11

( ) = { }n+ p
G G i it

t ==
=θ θ θ , { } 1

( ) ( ) p
G i i
t tθ

=
=θ , 

1,2,..., 1t n+= t , ( )i tθ
t i . 

( )( ) ( ); ( )<t>
j ij ij jf x t | t tθpa t j

. , 
( )( ) ( ); ( )<t>

j ij ij jf x t | t tθpa , 
(2) :  

( )

22

( ) | ( ); ( )

( ( ) ( ( )))1 exp
2 ( )2 ( )

t
j ij ij j

t
ij j ij

jj

f x t t t

x t g t
tt

θ

σπσ

< >

< >−
= −

pa

pa           (2) 

( ( ))t
j ijg t< > pa ( )jX t

. [12]
, (3).  

( ) ( ) ( )
1

( ) ( ) ( ) ( ) ( )
M

<t> <t> <t>
j ij ij ij ij j j ij

i
g t t t t tΤω φ

=

= =pa pa paω φ

 (3) 
1( ) ( ( ), ( ),..., ( ))Tj j 2j Mjt t t tω ω ω=ω  , 

( ) ( ) ( )( )1( ) ( ) ,..., ( )
T<t> <t> <t>

j ij j ij Mj ijt t tφ φ=pa pa paφ  

. ,  
( )( ) ( ) ( ),

1,2,..., , 1, 2,...,

<t>
ij j ij ijx t g t t

i N j p

ε= +

= =

pa
                 (4) 

( )ij tε 0 .  
, 

[16], 

:  

( ) ( )
0

( ) ( ) ( ), ( )
N

<t> t
j ij kj j ij kj

k
g t t K t tω < >

=

=pa pa pa     (5) 

, 0i = ( )( ), ( )t
j ij kjK t t< > pa pa =1.  

, 
(6) :  

( )( ) ( )

1 1

( | )

( ) ( ) ( ) , 1, 2,...,
i n t

DBN i G
l p

<t > n t
j ij ij j

t j

f

f x t | t , t i Nθ
= =

= =∏∏

x

pa

θ

  (6) 

, 
1 1

( )
( 1) 1t

, t <= n+
n t

log n+ , t > n+
= . 

, n
.  

3.2   

( )j tω 2 ( )j tσ , 
. 

, (7) .  
( )

( )2
[ ] [ ]

1 1

ln | ( ), ,

ln x ( ) | ( ), ( ), ( )
p l

j j j j
j t

f

f t t t tσ
= =

=

x pa x

pa

ω σ

ω
       (7) 

, . t
j  

( )
( )

( )

[ ] [ ]

1

ln ( ) | ( ), ( ), ( )

ln ( ) | ( ) , ( )

ln ( ) ln(2 ) ( ) ( )
2 2

j j j j

N
T t

ij j j j
i

j j D j

f t t t t

N x t t t

N Nt t E t

β

β

β π β

< >

=

=

= − −

x pa

K

ω

ω

ω

       (8) 

, ( )[ ]( ), ( )t t
j j ij jt t< > < >=K K pa pa , ( ) 12( ) ( )j jt tβ σ

−
= ,

( )( )D jE tω  

( ) 2

1

1( ) { ( ) ( ) }
2

N
T t

D j ij j j
i

E t x t t < >

=

= − Kω ω           (9) 

ML ( )j tω , 
( )j tω :  

( )( )[ ] [ ]

1

ln ( ) | ( ), ( ), ( )

( )

{ ( ) ( ) }( )

j j j j

j

N
T t t T

ij j j j
i

f t t t t

t

x t t

β

< > < >

=

∂

∂

= −

x pa

K K

ω

ω

ω

       (10) 

0,  

0 0
0 ( )( ) ( ) ( )

N N
t T T t t T

ij j j j j
i i
x t t< > < > < >

= =

= −K K Kω  (11) 

(11) ( )j tω  

( ) 1ML T T
[ ]( ) ( ) ( ) ( )t t t

j j j j jt t
−< > < > < >= Φ Φ Φ xω       (12) 

t
j
< >Φ ( 1)N N× + , k l

( )( ), ( )t
j lj kjt t< >K pa pa .  

( )j tβ 0, 
ML ( )j tβ ,  

{ }2ML T
ML

1

1 1 ( ) ( )
( )

N
t

ij j j
ij

x t t
Ntβ

< >

=

= − Kω      (13) 

, ML ( )j tω ML ( )j tβ

.  

2016 28th Chinese Control and Decision Conference (CCDC) 6005



3.3   

, 
, 

. 
, queryμ , queryσ

. , 
T

, 
[17] ( queryμ

queryσ ). (1 %)α−

(14) (15) .  
1

2
limit query queryU z

α

μ σ
−

= +                  (14) 

1
2

limit query queryL z
α

μ σ
−

= −                   (15) 

 limitU limitL , 
1 ( / 2)z α− 1 ( / 2)α− .  

, 
. 
n

. , 
n

. :  
1: 

minn maxn .  
2: minn maxn eachn ,
eachn . 

L , 
.  

3: 2
.  

4: , 
, 

, (14) (15)
.  

4  

, 
2015 10

, 1 . , 
.  

, 
: (RMSE)

(CWC). :  

2

1

RMSE ( ) /
n

i i
i
Y F n

=

= −                     (16) 

, n , iY , iF
. RMSE . 

[6]:  
CWC NMPIW(1 (PICP) exp( (PICP )))γ η μ= + − − , 

0, PICP
1, PICP

μ
γ

μ
≥

=
<

   (17) 

1

1PICP
testn

i
itest

c
n =

=                           (18) 

1

1 1NMPIW ( )
testn

i i
itest

U L
R n =

= −                (19) 

, ic 1, , 
ic 0; iU iL , 

R . PICP , 
NMPIW . η μ
CWC , 
μ =10, η =0.95. CWC , 

.  
500

, 80. 
2( , ) exp(|| || /2 )i iK b= −x x x x , 

10
2b . 50 , 

, 2b 565.34. 
50 , 2 , , 51

51
.  

 

2: 50  

 

 

(a) 

6006 2016 28th Chinese Control and Decision Conference (CCDC)



 

(b) 

 

(c) 

 

(d) 
3 

. (a)  (b) 5% (c) 10% (d) 30% 
 

5% 10%
30% , 

3
, 500. 1

50 51 95  

1  

  CWC PICP NMPIW 3
RMSE

( / )Km h  

 
MLP 15.7709 0.6711 0.1871 21.1679 
ESN 2.0783 0.8144 0.3595 26.1676 

 1.5936 0.8778 0.4882 33.4647 

5% 

MLP 
 20.4503 0.6644 0.1867 21.8826 

 4.8712 0.7044 0.2182 23.6847 
 19.0812 0.6844 0.1861 20.9849 

ESN 
 2.1444 0.8088 0.3589 26.3169 

 2.5151 0.8055 0.3579 25.7350 
 2.1913 0.8077 0.3589 26.2082 

 1.6930 0.8700 0.4872 33.4788 

10% 

MLP 
 19.7924 0.6733 0.1860 20.9724 

 14.0332 0.7177 0.2594 29.9994 
 19.8487 0.6644 0.1841 21.8767 

ESN 
 2.2483 0.8077 0.3589 26.2693 

 2.0299 0.8188 0.3584 25.3482 
 2.2396 0.8077 0.3591 26.3640 

 1.7150 0.8656 0.4721 33.4051 

30% 

MLP 
 20.6290 0.6488 0.1839 22.5021 

 12.9045 0.7000 0.3250 38.0552 
 20.9042 0.6511 0.1824 21.4786 

ESN 
 2.5339 0.7988 0.3567 26.5444 

 3.1198 0.8111 0.3525 26.4455 
 2.2241 0.8077 0.3581 25.8463 

 2.1838 0.8067 0.4337 33.8752 

. 3 , 
95% . 3

, , 
.  

, 

(MLP) bootstrap (ESN)
. 

2016 28th Chinese Control and Decision Conference (CCDC) 6007



, 
. 

1 30 , 
1 . CWC

, , RMSE
, CWC , 

. 1 PICP
NMPIW . 5%

10% , PICP , 
. 

, 
, 

. , 3(d)
30% , 

, 
. , CWC

PICP NMPIW , 
, 

ESN , 
. 

, 
: 
, .  

5  

, 
. 

. 
. , 
, 

. 
.  

 

 (No. 61273037, 61304213, 
61473056, 61533005, 61522304, U1560102), 863

 (No. 2013AA040703),  (No. 
2015BAF22B01)  
(DUT15YQ113). 

 
[1]  Bhaskar K. and Singh S. N. AWNN-assisted Wind Power 

Forecasting Using Feed-forward Neural Network. IEEE 
Transactions on Sustainable Energy, Vol. 3, No.2: 
306-315, 2012. 

[2]  , . 
. . Vol. 18, No.3, 358-360 , 

2003. 
[3]  Zhao J., Liu QL., Pedrycz W., et al. Effective Noise 

Estimation-Based Online Prediction for Byproduct Gas 
System in Steel Industry. IEEE Transactions on Industrial 
Informatics. Vol. 8, No. 4, 953-963, 2012. 

[4]  Liu Y., Liu QL. and Wang W., et al. Data-driven based 
Model for Flow Prediction of Steam System in Steel 
Industry. Information Sciences. Vol. 193, 104-114, 2012. 

[5]  , , . BP
. : . Vol. 11, 

2103-2108, 2012.  
[6]  Khosravi A., Nahavandi S. and Creighton D., et al. 

Comprehensive Review of Neural Network-based 
Prediction Intervals and New Advances. IEEE 
Transactions on Neural Networks. Vol. 22, No. 9, 
1341-1356, 2011. 

[7]  Sheng C., Zhao J., Wang W., et al. Prediction Intervals for 
A Noisy Nonlinear Time Series based on A Bootstrapping 
Reservoir Computing Network Ensemble., IEEE 
Transactions on Neural Networks and Learning Systems. 
Vol. 24, No. 7, 1036-1048, 2013. 

[8]  , , , . 
. . Vol. 10, 1274-1280, 2013. 

[9]  Murphy K. P. Dynamic Bayesian Networks: 
Representation, Inference and Learning. University of 
California, Berkeley, 2002. 

[10]  Jordan M. I. An Introduction to Probabilistic Graphical 
Models. Preparation, Vol. 42, No.2, 27-56. 2003. 

[11]  Dan G., Heckerman D. Learning Gaussian Networks. 
Uncertainty Proceedings. 235–243, 1994: 

[12]  Kim S., Imoto S. and Miyano S. Dynamic Bayesian 
Network and Nonparametric Regression for Nonlinear 
Modeling of Gene Networks from Time Series Gene 
Expression Data. Biosystems Vol. 75, No.1, 57-65, 2004. 

[13]  Imoto S., Kim S. and Goto T., et al. Bayesian Network and 
Nonparametric Heteroscedastic Regression for Nonlinear 
Modeling of Genetic Network. Journal of bioinformatics 
and computational biology, Vol.1, No.02, 231-252. 2003, 

[14]  Murphy K. P. Fitting A Conditional Linear Gaussian 
Distribution. 1998. 

[15]  Liu Y., Zhao J. and Wang W., et al. Study on Prediction 
Method for Generation and Consumption of Coke Oven 
Gas. 2010 8th World Congress on Intelligent Control and 
Automation, 4446-4451. 2010. 

[16]  Bishop C. M. Pattern Recognition and Machine Learning. 
New York: Springer, 2006. 

[17]  Fung R. and Chang K. C. Weighting and Integrating 
Evidence for Stochastic Simulation in Bayesian Networks. 
Uncertainty in Artificial Intelligence. Elsevier: Bonissone 
P. P., Henrion M., Kanal L. N., and Lemmer J. F, 208-219, 
1990

6008 2016 28th Chinese Control and Decision Conference (CCDC)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


