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Abstract
This contribution reports EE1-4 tests. In total, 4 experiments were conducted where DCVC-RT is used as an external coder, which feeds I-frames to VTM using the multiple hybrid frameworks and methods. Two frameworks were tested, single layer and multilayer. Two methods of insertion were tested on both frameworks; always inserting DCVC-RT and insertion based on frame level RDO. DCVC-RT’s decoder has a complexity of 365 kMACs/pixel and 36.4 M Parameters. 
The coding gains vs. NNVC16 (with all NN tools off, identical to VTM 23.14) are the following:
EE1-4.1.1:
	AI: 		-6.7% (Y)		-30.7% (U)		-30.3% (V)
	RA: 	-1.6% (Y)		-14.3%	(U) 	-11.1% (V)
EE1-4.2.1:
	AI: 		-5.6% (Y)		-27.6% (U)		-25.3% (V)
	RA: 	-1.7% (Y)		-13.7%	(U)		-10.2% (V)
EE1-4.3.1:
	AI: 		 -7.3%	(Y)		-29.6% (U)		-29.2% (V)
	RA: 	0.1 %	(Y)		-12.8 % (U)		-9.0 % (V)
EE1-4.4.1:
	AI: 		 -5.4%	(Y)		-26.9%	(U)		-23.5% (V)
	RA: 	-0.3%	(Y)		-12.7% (U)		-9.1% (V)
Introduction
During the 41th JVET meeting, it was agreed to conduct EE1-4 experiments to test several end-to-end learning-based coders as I-frames encoders, using the available hybrid multilayer framework in NNVC16 from JVET-AL0243 [1] and a new single-layer framework. It was also agreed to test frame level RDO as a mean to conditionally insert the NN I-frames. The NN coders that are tested are DCVC-RT [2], NLIC and JPEG-AI. This contribution reports test results if DCVC-RT is used as base-layer codec.
Implementation details
The code for these simulations is included under NNVC16 EE1 software repository (https://vcgit.hhi.fraunhofer.de/jvet-ao-ee1/VVCSoftware_VTM). The official DCVC-RT model is used. The coder is called externally during encoding/decoding. It is a floating-point model and so it does not ensure device interoperability (as well as all other models in EE1-4 tests). During encoding, the resulting I-frame is inserted in the base layer and the DCVC-RT bitstream is inserted into the final bitstream. The enhancement layer references to the base layer frame when encoding an intra picture, and is allowed to copy only blocks with zero motion vectors. During decoding, the specifically designed new NN NAL unit, which contains the external bitstream, is extracted and decoded using DCVC-RT decoder. Runtimes are measured as wall clock times for both anchor and tests. 
For frame level control tests (EE1-4.2 and EE1-4.4), two encoding passes are done, one with VTM and one with the chosen NN coder, then the I-frame with the best RD cost is inserted into the bitstream. 
Results
EE1-4.1.1
In this test, multilayer framework is used. All VTM tools (including LMCS and Temporal Filter) are enabled on base layer except Deblock, SAO, ALF and CCALF, they are applied on the enhancement layer. The enhancement layer encoder is not restricted i.e. it can encode residuals, predict intra blocks and apply filtering. As a result, all three variants are possible: 
· If enhancement layer encoder chooses skip mode, then the enhancement layer reconstruction is identical to the base layer reconstruction (DCVC-RT). 
· If enhancement layer encoder for some blocks chooses Inter coding mode with residual, then base layer reconstruction (DCVC-RT) works as a prediction.
· If enhancement layer encoder for some blocks chooses Intra coding mode then regular VVC Intra coding is used.

[bookmark: _Ref218693803]Table 1: BD-rates for DCVC-RT coded I-frames in multilayer relative to VTM 23.14 anchor. Runtime is measured entirely on CPU (1 thread).
	
	Random access Main10 

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-0.6%
	-8.0%
	-7.3%
	98%
	1314%

	Class A2
	-3.0%
	-15.5%
	-10.2%
	97%
	769%

	Class B
	-1.9%
	-19.6%
	-14.6%
	94%
	1142%

	Class C
	-0.9%
	-11.6%
	-10.2%
	97%
	1250%

	Class E
	 
	
	 
	 
	 

	Overall
	-1.6%
	-14.3%
	-11.1%
	96%
	1111%

	Class D
	-1.0%
	-12.7%
	-12.6%
	94%
	1761%

	
	All Intra Main10

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-1.3%
	-13.6%
	-28.9%
	94%
	24292%

	Class A2
	-9.9%
	-27.5%
	-16.3%
	51%
	19293%

	Class B
	-6.0%
	-38.6%
	-32.0%
	42%
	17919%

	Class C
	-6.2%
	-30.9%
	-32.4%
	30%
	16784%

	Class E
	-10.9%
	-37.4%
	-39.9%
	48%
	21834%

	Overall
	-6.7%
	-30.7%
	-30.3%
	47%
	19439%

	Class D
	-5.4%
	-34.0%
	-32.1%
	40%
	31309%



Reduction of encoder run-time relatively to the anchor is observed due to the more frequent appearance of early termination (base layer provides good prediction). 
EE1-4.2.1
The results for this section were obtained by performing a frame level RDO between the generated I-frame from VTM and the generated frame from DCVC-RT in the base layer (multi-layer). At the time of RDO, the VTM frame has residuals encoded and is in-loop filtered, while the frame from the NN coder does not. In the hybrid multilayer design, the filtered NN frame with residuals and filtering only exists on the enhancement layer so they can not be used in base layer during the RDO assessment.

[bookmark: _Ref218693808]Table 2: BD-rates for multilayer frame level RDO between VTM and DCVC-RT coded I-frames relative to VTM 23.14 anchor. Runtime is measured entirely on CPU (1 thread).
	
	Random access Main10 

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-0.8%
	-7.1%
	-4.3%
	101%
	336%

	Class A2
	-2.8%
	-15.2%
	-9.9%
	98%
	427%

	Class B
	-1.8%
	-19.0%
	-14.0%
	103%
	636%

	Class C
	-1.3%
	-11.1%
	-10.3%
	104%
	682%

	Class E
	 
	
	 
	 
	 

	Overall
	-1.7%
	-13.7%
	-10.2%
	102%
	527%

	Class D
	-1.1%
	-12.2%
	-11.9%
	104%
	837%

	
	All Intra Main10

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-2.0%
	-17.8%
	-18.2%
	193%
	3900%

	Class A2
	-7.3%
	-25.0%
	-16.4%
	152%
	3786%

	Class B
	-5.0%
	-31.3%
	-26.1%
	141%
	7097%

	Class C
	-4.9%
	-26.3%
	-27.2%
	124%
	5073%

	Class E
	-9.2%
	-35.7%
	-37.4%
	150%
	8263%

	Overall
	-5.6%
	-27.6%
	-25.3%
	147%
	5506%

	Class D
	-4.8%
	-27.5%
	-25.5%
	134%
	10082%



From the last two tests, we can see that RDO based frame control provides some gain on some classes but does not on others. This inconsistency can be attributed to the unfair comparison between the two candidates at RDO time, mentioned above. Observations of runtimes suggest a slight increase in encoder runtime due to multi-pass encoding and a decrease in half of runtime at the decoder side due to enabling VTM decoding for some frames. 
EE1-4.3.1
A single layer framework for the insertion of external I-frames is introduced and used for this test. DCVC-RT is used to generate the external I-frames. As opposed to the multilayer framework, single layer does not support encoding residuals and in-loop filtering on top of the NN coded frames. Single layer also does not support LMCS currently, so the tests are run without enabling of this tool. 
The results for always inserting the NN coded I-frames are presented in table 3. The results for conditionally inserting a NN coded DCVC-RT I-frame with RDO in single-layer is shown in table 4. 


Table 3: BD-rates for DCVC-RT coded I-frames in single layer relative to VTM 23.14 anchor. Runtime is measured entirely on CPU (1 thread).
	
	Random access Main10 

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-0.6%
	-8.0%
	-6.6%
	90%
	1267%

	Class A2
	-2.4%
	-16.7%
	-10.6%
	87%
	737%

	Class B
	0.6%
	-16.6%
	-10.6%
	90%
	1118%

	Class C
	1.9%
	-8.5%
	-7.6%
	93%
	1255%

	Class E
	 
	
	 
	 
	 

	Overall
	0.1%
	-12.8%
	-9.0%
	90%
	1088%

	Class D
	0.3%
	-11.0%
	-10.6%
	92%
	1710%

	
	All Intra Main10

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-2.5%
	-2.1%
	-22.3%
	58%
	22369%

	Class A2
	-11.4%
	-19.6%
	-4.3%
	31%
	17729%

	Class B
	-5.9%
	-39.0%
	-31.3%
	26%
	16826%

	Class C
	-6.9%
	-38.3%
	-39.3%
	17%
	15389%

	Class E
	-10.9%
	-39.9%
	-43.7%
	35%
	21461%

	Overall
	-7.3%
	-29.6%
	-29.2%
	29%
	18171%

	Class D
	-7.7%
	-42.7%
	-41.3%
	25%
	29362%



EE1-4.4.1

Table 4:BD-rates for single layer frame level RDO between VTM and DCVC-RT coded I-frames relative to VTM 23.14 anchor. Runtime is measured entirely on CPU (1 thread).
	
	Random access Main10 

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-0.3%
	-7.5%
	-4.3%
	96%
	346%

	Class A2
	-1.8%
	-17.0%
	-11.1%
	92%
	432%

	Class B
	0.2%
	-15.2%
	-10.1%
	100%
	570%

	Class C
	0.3%
	-10.1%
	-9.8%
	100%
	669%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.3%
	-12.7%
	-9.1%
	98%
	509%

	Class D
	-1.2%
	-11.7%
	-11.4%
	102%
	862%

	
	All Intra Main10

	
	BD-rate Over VTM 23.14

	
	Y-PSNR
	U-PSNR
	V-PSNR
	EncT
	DecT CPU

	Class A1
	-1.3%
	-14.6%
	-12.7%
	192%
	3058%

	Class A2
	-5.6%
	-20.9%
	-8.2%
	149%
	3401%

	Class B
	-4.7%
	-30.6%
	-24.5%
	134%
	6738%

	Class C
	-5.7%
	-28.5%
	-29.1%
	115%
	5021%

	Class E
	-9.8%
	-37.2%
	-40.4%
	137%
	8223%

	Overall
	-5.4%
	-26.9%
	-23.5%
	140%
	5104%

	Class D
	-6.6%
	-31.6%
	-30.1%
	124%
	7641%
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