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ABSTRACT 
By taking the idea of divide-and-conquer, cooperative 
coevolution provides a powerful architecture for large scale 
optimization problems, but its efficiency depends heavily on the 
decomposition strategy. Existing decomposition algorithms 
either cannot obtain correct decomposition results or require a 
large number of Fitness Evaluations (FEs). To alleviate these 
limitations, this paper proposes a novel decomposition algorithm 
by exploring interdependency from the view of vectors. It is 
good at discovering both direct and indirect interdependency 
and can significantly reduce FEs, which was verified by 
conducting experiments on CEC’2010 large scale benchmark 
functions. 1 

CCS CONCEPTS 
• Computing methodologies → Artificial intelligence; 
Search methodologies 

KEYWORDS 
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1 INTRODUCTION 
Nowadays, there are more and more large scale global 
optimization (LSGO) problems arising in scientific research and 
engineering practice. Due to the curse of dimensionality, 
conventional evolutionary algorithms (EAs) lose their efficiency 
in solving this kind of problems. Cooperative coevolution (CC) 
algorithms which first decompose the original LSGO problem 
into a certain number of lower dimensional sub-problems and 
then separately solve them with EAs, have been shown to be of 
great potential. The decomposition strategy plays a very 
important role in CC. It is hoped that the separable variables 
could be grouped into different sub-problems and all the 
nonseparable variables could be grouped into the same one.  
Most of the existing learning-based decomposition algorithms 
explore interdependency from the view of variables. Some of 
them, such as Differential Grouping (DG) [1], just investigate 
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part of interdependency, thus may cause incorrect decomposi-
tion results. Some other decomposition algorithms, such as 
Global Differential Grouping (GDG) [2], detect the interdepen-
dency between each pair of variables, thus need many fitness 
evaluations (FEs). Recently, a decomposition algorithm called 
Fast Inter-dependency Identification (FII) [3] improves DG and 
GDG. However, it still needs lots of FEs for discovering indirect 
interdependency. To tackle these issues, an efficient Vector-
Growth Decomposition Algorithm (VGDA) is proposed in this 
paper. It explores interdependency from the view of vectors and 
can obtain correct decomposition results with much fewer FEs.  

2 VECTOR-GROWTH DECOMPOSITION 
ALGORITHM 

Definition: For an n-dimensional continuous function f (X) to be 
optimized  and a partition of X, S = {S1, S2, … , Sm}, we say the 
variable subsets Sp and Sq (p, q = 1, 2, … , m; p ≠ q) are additively 
separable if the following formula holds:  

  
1 2, , , ,[ ]( ) | [ ]( ) |

p p q p p qS S A S B S S A S Bf X f XΓ = = Γ = =Δ = Δ ,             (1) 

where 

, [ ]( ) ( , , ) ( , , )
pS p pf X f S f SΓΔ = + Γ −                 (2) 

refers to the forward difference of f (X) with respect to Sp with 
an interval Γ, and Γ, A, B1 and B2 (B1 ≠ B2) can take arbitrary 
values as long as they ensure the feasibility of Sp and Sq.  
From the above definition, it can be deduced that if Sp and Sq are 
separable, then ∀ xi ∈ Sp 

and ∀ xj ∈ Sq are separable. On the 
contrary, if Sp and Sq are nonseparable, then there definitely 
exists interdependency between at least a pair of variables {xi ∈ 
Sp, xj ∈ Sq }.  
According to above properties, VGDA takes the following three 
key ideas: 1) For the current unpartitioned vector (denoted as 
UV ), it first initializes a nonseparable vector (denoted as NV ) 
with a randomly selected variable xr ∈ UV and updates UV with 
UV \NV, then investigates the interdependency between NV and 
UV. If there is no interdependency, VGDA directly takes NV as a 
complete variable group. The aim of this operation is to avoid 
detecting interdependency between NV and each variable in UV. 
2) If NV and UV are nonseparable, VGDA tries to find the 
concrete variables interacting with NV by splitting UV. 3) Once a 
variable interacting with NV is found, VGDA immediately 
merges it into NV and updates UV with UV \NV, which facilitates 
finding the indirect interdependency between the older variables 
in NV and the variables in UV.  
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As for idea 2), VGDA provides two alternative strategies. One is 
to sequentially investigate the interdependency between NV and 
each variable in UV. The other is to equally divide UV into two 
sub-vectors first, and then detect the interdependency between 
NV and each sub-vector. We name VGDAs taking these two 
strategies as VGDA-S and VGDA-D, respectively. Their 
pseudocodes are given in Algorithm 1 and Algorithm 2. 
Besides, it is worth mentioning that when detecting the 
interdependency between two entities, VGDA does not stiffly 
apply (1), but checks whether the absolute difference between 
two ∆s in (1) is smaller than a small number ε. It adopts the same 
ε setting with GDG [2].  

3  EXPERIMENT AND CONCLUSIONS 
We tested the efficiency of VGDA on CEC’2010 benchmark 
functions which are widely employed in the field of LSGO, and 
compared the decomposition results with those of DG [1], GDG 
[2] and FII [3].  From the summarized results listed in the last 
row of Table 1, it can be observed that the two versions of 
VGDA obtain the greatest decomposition accuracy which is the 
same as that of GDG, but they need much fewer FEs than GDG. 
Furthermore, the two versions of VGDA outperform DG and FII 
both on decomposition accuracy and the number of FEs. As for 
VGDA-S and VGDA-D, it can be found that VGDA-D performs 
more consistently on different kinds of functions, while VGDA-S 
is more suitable for the functions with strong interdependency.  

Algorithm 1: groups = VGDA-S(X )  

Initialize groups = ∅ ,  UV = X ;  
While |UV | > 1  

      select ;rx UV∀ ∈ set { }rNV x= , \ ;UV UV NV=  

      While |UV | > 0  

            If isSeparable (NV, UV )      break;  

            For each ix UV∈  

                  If  ~isSeparable ( NV, ix )                         // NV and ix are nonsepable 

                       { };iNV NV x= ∪ \ ;UV UV NV=    // merge ix  into NV 

      groups = groups NV∪ ;    // take NV as a complete variable group 

groups = groups UV∪ ; 

 
Algorithm 2: groups = VGDA-D(X ) 

Initialize groups = ∅ , UV = X ; 
While |UV | > 1 

      select ;rx UV∀ ∈ set { }rNV x= , \UV UV NV= ;  

      While |UV | > 0  

            If isSeparable (NV, UV )      break;  

            { };UVS UV=               // add UV to a stack 

            For each 'UV UVS∈    

                  If  isSeparable ( , ')NV UV     

                        \ { '};UVS UVS UV=     // exclude 'UV from UVS  

                  Else  

                        If | ' | 1UV =                  // 'UV contains a single variable 

                              ';NV NV UV= ∪ \ ';UV UV UV= \ { '};UVS UVS UV=    

                        Else                              // 'UV contains more than one variable, divide it

                              divide 1 2' ' ';UV UV UV= ∪ 1 2{ ', '} \ { '};UVS UVS UV UV UV= ∪  

      groups = ;groups NV∪  

groups= ;groups UV∪  

Table 1: Decomposition Results on CEC’2010 Benchmark Functions 

Func SVars NVars 
Nonsep  
Groups 

VGDA-S / VGDA-D / DG / GDG /FII  
SVars NVars  Nonsep Groups Accuracy(%) Number of FEs 

1 1000 0 0 1000/1000/1000/1000/1000 0      /0      /0/0      /0 0/0/0/0/0 100/100/100/100/100 3009/3009/1001000/501511/3001
2 1000 0 0 1000/1000/1000/1000/1000 0      /0      /0/0      /0 0/0/0/0/0 100/100/100/100/100 3009/3009/1001000/501511/3001
3 1000 0 0 0      /0      /1000/0     /1000 1000/1000/0/1000/0 1/1/0/1/0   -  /  -  /100/  -   /100 3016/5094/1001000/501511/3001
4 950 50 1 950 /950/33 /950/429 50/50/967/50/571 1/1/10/1/1 100/100/  -  /100/  - 4896  /3760/14554  /501511/3673
5 950 50 1 950/950/950/950/950 50/50/50  /50/50 1/1/1  /1/1 100/100/100/100/100 4912  /3728/905450/501511/3051
6 950 50 1 950/950/950/950/950 50/50/50  /50/50 1/1/1  /1/1 100/100/100/100/100 4894  /3736/906332/501511/3051
7 950 50 1 950/950/248/950/950 50/50/752/50/50 1/1/4  /1/1 100/100/  -  /100/100 4884  /3736/67742  /501511/3051
8 950 50 1 950/950/134/950/479 50/50/866/50/521 1/1/5  /1/2 100/100/  -  /100/  - 28048/5857/23286  /501511/18850
9 500 500 10 500/500/500/500/500 500  /500  /500/500  /500 10/10/10/10/10 100/100/100/100/100 17441  /10041/270802/501511/8010
10 500 500 10 500/500/500/500/500 500  /500  /500/500  /500 10/10/10/10/10 100/100/100/100/100 17397  /10035/272958/501511/8010
11 500 500 10 0    /0    /501/0    /522 1000/1000/499/1000/478 13/11/10/10/10  -  /  -   /  -   /  -  /  - 15720  /10506/270640/501511/9255
12 500 500 10 500/500/500/500/500 500  /500  /500/500  /500 10/10/10/10/10 100/100/100/100/100 17492  /9985  /271390/501511/8010
13 500 500 10 500/500/131/500/500 500  /500  /869/500  /500 10/10/34/10/10 100/100/  -  /100/100 275825/32849/50328  /501511/96183
14 0 1000 20 0/0/0  /0/0 1000/1000/1000/1000/1000 20/20/20/20/20 100/100/100/100/100 22068  /14050/21000/501511/23020
15 0 1000 20 0/0/0  /0/0 1000/1000/1000/1000/1000 20/20/20/20/20 100/100/100/100/100 22068  /14286/21000/501511/23020
16 0 1000 20 0/0/4  /0/43 1000/1000/996  /1000/957 20/20/20/20/20 100/100/  -  /100/100 22068  /14380/21128/501511/30911
17 0 1000 20 0/0/0  /0/0 1000/1000/1000/1000/1000 20/20/20/20/20 100/100/100/100/100 22068  /14344/21000/501511/23020
18 0 1000 20 0/0/78/0/0 1000/1000/922  /1000/1000 20/20/50/20/20 100/100/  -  /100/100 372788/54875/39624/501511/369902
19 0 1000 1 0/0/0  /0/0 1000/1000/1000/1000/1000 1/1/1    /1/1 100/100/100/100/100 3011/5011  /2000    /501511/4001
20 0 1000 1 0/0/33/0/0 1000/1000/967  /1000/1000 1/1/124/1/1 100/100/  -  /100/100 3011/64291/155430/501511/503500

Average  —— —— —— 90/90/60/90/85 43381/14329/316883/501511/57374
1. SVars: the number of separable variables. Nvars: the number of nonseparable variables. Nonsep Groups: the number of nonseparable variable groups.  
2. The results of different algorithms are separated by ‘/’. Accuracy value is marked by ‘-’ if the result is not completely correct. The results of DG, GDG and FII are obtained from [3]. 

ACKNOWLEDGMENTS 
This work was partially supported by the National Natural 
Science Foundation of China under grants 61105126 and 
61503300, and by the Postdoctoral Science Foundation of China 
under grants 2014M560784 and 2016T90922.  
 

REFERENCES 
[1] M. N. Omidvar, X. Li, Y. Mei, and X. Yao. 2014. Cooperative co-evolution with 

differential grouping for large scale optimization. IEEE Transactions on 
Evolutionary Computation 18, 3, 378–393.  

[2] Y. Mei, M. N. Omidvar, X. Li, and X. Yao. 2016. A competitive divide-and-
conquer algorithm for unconstrained large-scale black-box optimization. ACM 
Transactions on Mathematical Software 42, 2, 13: 1–24.  

[3] X.-M. Hu, F.-L. He, W.-N. Chen, and J. Zhang. 2017. Cooperation coevolution 
with fast interdependency identification for large scale optimization. 
Information Sciences, 381, 142–160.  

 

42



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


