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LGCEF 0.9274±0.0406 0.9385±0.0056 0.9015±0.0045 0.8798±0.0032 
LapSVMEF1 0.8974±0.0397 0.9442±0.0044 0.9164±0.0051 0.8835±0.0039 
LapSVMEF2 0.9402±0.0169 0.9448±0.0055 0.9165±0.0051 0.8957±0.0044 
LapSVMEF3 0.9052±0.0398 0.9436±0.0045 0.9197±0.0043 0.8829±0.0046 
EAGREF 0.9730±0.0038 0.9482±0.0035 0.9056±0.0055 0.9076±0.0025 
TriDTEF 0.8080±0.0184 0.8289±0.0109 0.8417±0.0121 0.7710±0.0191 
TriKNNEF 0.9605±0.0090 0.9320±0.0097 0.8999±0.0057 0.8854±0.0081 
TriMLPEF 0.9298±0.0125 0.8846±0.0097 0.9003±0.0075 0.6309±0.0270 
STHPEF 3:7 0.9814±0.0034 0.9636±0.0050 0.9243±0.0053 0.9229±0.0013 
SeRBIAEF 0.9798±0.0039 0.9653±0.0039 0.9221±0.0063 0.9226±0.0014 
AGRKEF 0.9637±0.0047 0.9549±0.0037 0.9107±0.0079 0.9095±0.0019 
AGRLEF 0.9710±0.0063 0.9554±0.0062 0.9116±0.0078 0.9117±0.0019 
LGCEF 0.9124±0.0395 0.9387±0.0044 0.9014±0.0086 0.8809±0.0033 
LapSVMEF1 0.9387±0.0158 0.9467±0.0038 0.9160±0.0073 0.8927±0.0062 
LapSVMEF2 0.9566±0.0061 0.9471±0.0040 0.9136±0.0078 0.9051±0.0052 
LapSVMEF3 0.9443±0.0139 0.9469±0.0036 0.9181±0.0064 0.8947±0.0034 
EAGREF 0.9724±0.0042 0.9519±0.0060 0.9097±0.0070 0.9102±0.0014 
TriDTEF 0.8492±0.0213 0.8544±0.0071 0.8472±0.0111 0.7787±0.0183 
TriKNNEF 0.9698±0.0084 0.9401±0.0082 0.9081±0.0079 0.8952±0.0052 
TriMLPEF 0.9360±0.0120 0.8952±0.0087 0.9041±0.0083 0.6318±0.0310 

 

For clear demonstration, the average classification accuracy rates of the 12 semi-supervised ensemble models 
across the four datasets are presented in Fig. 8. In addition, the average accuracies of the 12 models on each dataset 
are ranked in descending order in Table 6. The overall ranks are also provided in the same table. The STHPEF 
achieved the highest classification accuracy on the unlabelled images of the four benchmarks with 10%, 20% and 
30% of labelled training images. Clearly, the superior performance of STHPEF is shown by ranking at the top in 
Table 6. 

Table 6. Classification accuracy ranks of different models from the highest to the lowest. 

Algorithm Split Ratio Overall 
1:19 1:9 1:4 3:7 

STHPEF 2.5000 1.0000 1.3750 1.2500 1.5313 
SeRBIAEF 3.0000 3.0000 2.0000 1.7500 2.4375 
AGRKEF 5.5000 5.5000 5.5000 5.5000 5.5000 
AGRLEF 6.0000 6.2500 5.0000 4.0000 5.3125 
LGCEF 4.2500 7.5000 9.2500 10.5000 7.8750 
LapSVMEF1 9.5000 8.0000 7.7500 7.5000 8.1875 
LapSVMEF2 7.5000 7.0000 5.7500 6.0000 6.5625 
LapSVMEF3 9.0000 7.2500 7.1250 6.5000 7.4688 
EAGREF 1.2500 3.2500 3.7500 5.0000 3.3125 
TriDTEF 10.7500 11.2500 11.7500 11.7500 11.3750 
TriKNNEF 8.7500 8.5000 8.5000 7.5000 8.3125 
TriMLPEF 10.0000 9.5000 10.2500 10.7500 10.1250 

 







This clearly shows that STHPEF can utilise the unlabelled images effectively to construct a highly precise 
ensemble model. Thus, STHEPF has a much reduced requirement for labelled images, but can achieve the same 
level of accuracy as the popular benchmark approaches.  

Table 9. Performance comparison between STHEPF and benchmark approaches 

Algorithm WHU UCM 
4:6 6:4 1:1 4:1 

STHPEF* 0.9800±0.0034 0.9814±0.0034 0.9575±0.0027 0.9667±0.0040 
STHPEF 0.9810±0.0041 0.9840±0.0053 0.9722±0.0050 0.9760±0.0064 
CaffeNet [2] 0.9511±0.0120 0.9624±0.0056 0.9398±0.0067 0.9502±0.0081 
VGG-VD-16 [2] 0.9544±0.0060 0.9605±0.0091 0.9414±0.0069 0.9521±0.0120 
GoogLeNet [2] 0.9312±0.0082 0.9471±0.0133 0.9270±0.0060 0.9431±0.0089 
Two-stream deep fusion [55] 0.9823±0.0056 0.9892±0.0052 - - 
TEX-Net-LF [40] 0.9848±0.0037 0.9888±0.0049 - - 
SalM3LBP-CLM [77] 0.9535±0.0076 0.9638±0.0082 0.9421±0.0075 0.9575±0.0080 
GBNet [75]  0.9732±0.0032 0.9925±0.0050 0.9705±0.0019 0.9857±0.0048 
ARCNet-VGG16 [39] - - 0.9681±0.0014 0.9912±0.0040 
CAD [1] - - 0.9857±0.0033 0.9916±0.0027 
Fine-tune MobileNet V2 [33] 0.9682±0.0035 0.9815±0.0033 - - 
SE-MDPMNet [33] 0.9864±0.0021 0.9897±0.0024 - - 
EfficientNetB3-Basic [38] 0.9728±0.0024 0.9768±0.0010 0.9763±0.0006 0.9873±0.0020 
EfficientNetB3-Attn-2 [38] 0.9860±0.0040 0.9868±0.0093 0.9790±0.0036 0.9912±0.0022 
Algorithm RSS AID 

1:4 1:1 1:4 1:1 
STHPEF* 0.9044±0.0049 0.9234±0.0051 0.8988±0.0029 0.9199±0.0022 
STHPEF 0.9197±0.0067 0.9369±0.0042 0.9147±0.0021 0.9318±0.0022 
CaffeNet [2] 0.8557±0.0095 0.8825±0.0062 0.8686±0.0047 0.8953±0.0031 
VGG-VD-16 [2] 0.8398±0.0091 0.8718±0.0094 0.8659±0.0029 0.8964±0.0036 
GoogLeNet [2] 0.8255±0.0111 0.8584±0.0092 0.8344±0.0040 0.8639±0.0055 
TEX-Net-LF [40] 0.9245±0.0045 0.9400±0.0057 - - 
MARTA GAN [8] - - 0.7539±0.0049 0.8157±0.0033 
Attention GAN [28] - - 0.7895±0.0023 0.8452±0.0018 
SalM3LBP-CLM [77] - - 0.8692±0.0035 0.8976±0.0045 
GBNet [75] - - 0.9220±0.0023 0.9548±0.0012 
MSNet [76] - - 0.9559±0.0015 0.9697±0.0027 
ARCNet-VGG16 [39] - - 0.8875±0.0040 0.9310±0.0055 
CAD [1] - - 0.9573±0.0022 0.9716±0.0026 
GANet [78] - - 0.8796±0.0023 0.9136±0.0018 
LANet [78] - - 0.8941±0.0024 0.9235±0.0024 
GLANet [78] - - 0.9502±0.0028 0.9666±0.0019 
MAA-CNN [27] - - 0.9554±0.0008 0.9748±0.0007 
Fine-tune MobileNet V2 [33] 0.8904±0.0017 0.9246±0.0066 0.9413±0.0028 0.9596±0.0027 
SE-MDPMNet [33] 0.9265±0.0013 0.9471±0.0015 0.9468±0.0017 0.9714±0.0015 
EfficientNetB3-Basic [38] 0.9206±0.0039 0.9439±0.0010 0.9343±0.0033 0.9537±0.0041 
EfficientNetB3-Attn-2 [38] 0.9330±0.0019 0.9617±0.0023 0.9445±0.0073 0.9656±0.0012 
Algorithm OPT PTN RSI 

4:1 4:1 1:1 4:1 
STHPEF* 0.9991±0.0000 0.9867±0.0007 0.9885±0.0006 0.9907±0.0008 
STHPEF 0.9973±0.0000 0.9887±0.0016 0.9915±0.0011 0.9934±0.0009 
GBNet [75] 0.9328±0.0027 - - - 
MSNet [76] 0.9392±0.0041 - - - 
ARCNet-VGG16 [39] 0.9270±0.0035 - - - 
ARCNet-ResNet34 [39] 0.9128±0.0045 - - - 
ARCNet-AlexNet [39] 0.8575±0.0035 - - - 
Fine-tune VGGNet16 [39] 0.8745±0.0045 - - - 
Fine-tune GoogLeNet [39] 0.8257±0.0012 - - - 
Fine-tune AlexNet [39] 0.8122±0.0019 - - - 


































