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Abstract
This contribution proposes a set of cleanings on top of the VTM reference software. The main motivation for this cleaning is to ease the development and testing of new tools inside the reference software. As the proposed cleaning involves significant files refactoring, it is not compatible with a series of merge requests. A first version of cleaned software is also proposed as a basis for discussions and further improvements. 

Introduction
The NextSoftware platform was the basis for the VVC standard development. As the standard evolved, incremental tools insertion sometimes became intrusive to the software structure which was initially designed. Moreover, some aspects of the software became deprecated as the draft standard has evolved.
Thanks to the software coordinators and contributors, a large number of issues were solved incrementally during the development process. However, the incremental JVET process does not allow drastic refactoring since the software is a continuous basis for all contributors, while such refactoring could be of great benefits for further development and algorithmic work.
As the VVC standard is now complete and exploration work for a future potential standard is starting, we propose to investigate the benefits of restarting from a cleaned basis.
The cleaned version is called RVTM (for Refactored VTM) in the following.
Proposal
Overview
We propose an example of cleaning of the VTM reference software. Some constraints were given for this cleaning:
· Full compatibility with current VTM (currently synchronized with VTM-11.0).
· Pass all conformance bitstreams tests.
· Pass the JVET CTC with bit accuracy.
· At this stage, no particular constraints were set regarding the speed improvement, algorithmic improvement etc. as it is for the example the case for the VVENC software by HHI [2]. Note that the two approaches are complementary.
· An important constraint for this cleaning is to get quickly a first version where files and directories architecture is settled in order to later allow classical merge request for cleaning improvement, without disturbing too much current reference software users.  

On the other hand, the following is applied:
· data structure changes to allow a better fit to the standard,
· files and directories architecture changes to improve modularity and reduce the number of lines of code per file,
· some logic changes at low-level (for example memory/cache management) mainly for clean-up,
· minimize functions side-effects: all state changes should be visible in the function API. To do so, the OOP (Object Oriented Programming) aspect is reduced for algorithmic classes in favor of a more procedural oriented programming. Especially, classes are reserved for data structure (as opposed to algorithmic classes) and data structure contains as few functions as possible (favor free functions with clean API).
Changes
Some propositions of changes are detailed in the following sections. 
Language cleaning
Method
· Remove C-like pattern (malloc etc.).
· Remove pointer usage for owning. 
· Use RAII (Resource acquisition is initialization) almost everywhere. 
· Transform pointer parameter into reference when no memory ownership passing. 
· Increase use of const reference.
· set all implicit operations to explicit.
· use strong typing (e.g. replace C-array by std::array) for API.
· macro constants transformed into constexpr.
· pass more clang-tidy tests. 
· Etc.
Pro/Cons
The above changes give the following benefits:
· Easier development for user.
· Allow the use of modern C++ lint. 

Algorithms
Method
· Split functions into elementary functions. At this stage, prefer duplicate processing than function hacking. Duplicate processing can be solved at a lower level (see cache system).
· Put each tool in a separate module, do not hack existing code to run a different tool. Extract low-level functions to avoid code duplication.
· Transform algorithmic classes with only one instance into a module:
· Algorithm in separate files
· Free function API, typically: init, apply etc.
· Working/temporary data in static private data of the module (can be transformed into thread-based data for multi-threaded version)
· All side effects visible from the external API
· module is inside its own workspace to avoid complex naming of leaf functions.
· No hidden parameters (eg: m_encOnly, refineDMVR , m_skipPROF etc.): all function parameters are declared in the function signature. No parameter passing through the class hierarchy.
Example: BDOF tools API in BDOF.h
Table 4  Overview of the header file for the BDOF module
namespace Inter
{
namespace BDOF
{
void initSIMD(X86_VEXT vext);  
void compensateCU(CodingUnit &cu, PelUnitView &predBuf, const RefPicList &eRefPicList);
void compensateBlock(const ComponentID compID, const CodingUnit& cu, const CPelView &refBuf,
                         Mv mv, PelView& dstBuf,const ClpRng& clpRng);
bool isAllowed(const CodingUnit &cu, Size size);
void apply(const CodingUnit &cu, BiArray<PelView> &src, PelUnitView& yuvDst,
           const BitDepths& clipBitDepths);
}
}  


The code snippet above gives an example of module structure. The changes are the following:
· All functions related to BDOF (previously spread mainly in InterPrediction) are isolated in a single module. 
· The module API/header file only exposes functions used by higher level algorithms. 
· Other functions are private to the module (static/anonymous namespace). It is equivalent to private members except it ensure no sharing with other modules.
· Temporary data are private to the modules and do not cause any side-effects (i.e., the temporary data cannot be re-used between different function calls). In particular, BDOF does not use hidden buffers to store results and recover them later.
Pro/Cons
The above changes give the following benefits:
· Module footprint is more easily visible,
· Module dependencies are more easily visible,
· State sharing is more easily avoidable,
· Local algorithm optimization and code cleaning without side effects is easier,
The following drawbacks can be noted:
· Possible code duplication, however in our current cleaning, we did not encounter code duplication (actually, we did encounter code merging instead).
· Some adaptation of user to the new code structure is required. 
Data structure
Method
· Clean low-level data for automatic memory management, caching, alignment (as opposed to manual management at higher level)
· Clean medium level: data location is consistent with VVC specifications, remove unused data structure (e.g., PU), use data members only structure (no algorithm in structure).
· Remove (almost) all encoder related data in decoder.
Example: Coding UnitData structure overviewstruct IntraData
{
  uint8_t        ispMode;
  ChannelArray<uint32_t> intraDir;
  int         multiRefIdx;
};

struct PartitionData
{
  uint8_t depth;    
  uint8_t qtDepth;  
  uint8_t        btDepth;        
  uint8_t        mtDepth;        
  TreeType       treeType;        
  ModeType       modeType;        
  SplitSeries    splitSeries;     
  ModeTypeSeries modeTypeSeries;  
};

struct InfoData
{
  Slice *          slice;
  CodingStructure *cs;
  uint32_t         idx;
  uint32_t         tileIdx;
};
struct PredictionData
{
  Inter::Merge::Data  merge;
  Inter::Common::Data  inter;
  uint8_t smvdMode;
  Inter::Amvr::Data   amvr;
  Inter::Affine::Data affine;
  Inter::Mmvd::Data   mmvd;
  Inter::Geo::Data    geo;
  Inter::DMVR::Data   dmvr;
  Inter::Bcw::Data    bcw;
  Inter::Amvp::Data   amvp;

  IntraData           intra;
  Intra::Mip::Data    mip;
  Intra::IBC::Data    ibc;
};




struct TransformData
{
  bool          rootCbf;
  bool          colorTransform;
  int8_t        chromaQpAdj;
  int8_t        qp;
  uint8_t       mtsFlag;
  int8_t        bdpcmMode;
  int8_t        bdpcmModeChroma;
  uint32_t      lfnstIdx;
  Partition::SBT::SbtInfo  sbt;
  Palette::Data plt;
};

struct CodingUnit : public UnitArea
{
  InfoData info;
  FormatData     format;
  PredictionData pred;
  TransformData  transfo;
  PartitionData  partition;
};



The code snippet above shows the structure of the CodinUnit data structure. Parameters are defined in data sub-structure and use data structures defined in each module corresponding to each tool.

Pro/Cons
The above changes give the following benefit:
· Parameter’s description follows more closely VVC specifications,
· Module dependencies are more easily visible,
· API can be tighter.
The following drawbacks can be noted:
· Parameters are spread over modules (easily mitigated with modern IDE) 
Memory management/RAII
Method
· No more malloc
· No naked pointers for memory owning -> no new/delete except at low-level. Use of smart pointers, vector, array etc.
· Memory pool where needed (using embedded new/delete overload), non-intrusive.
· aligned memory clean-up.
Examples
In the tables below, we show an example of code simplification using automatic memory management: the need for creation and deletion is removed as well as the risk of memory leaks.CompArray<AlignedBuffer<Pel>> m_filteredBlockTmp;   
bool init(){
  for (uint32_t c = 0; c < MAX_NUM_COMPONENT; c++) m_filteredBlockTmp[c].resize(size); }
}
VTM code (simplified)
Pel*                 m_filteredBlockTmp     [LUMA_INTERPOLATION_FILTER_SUB_SAMPLE_POSITIONS_SIGNAL][MAX_NUM_COMPONENT];
InterPrediction::InterPrediction()
{
  for( uint32_t c = 0; c < MAX_NUM_COMPONENT; c++ )
  {
    for( uint32_t i = 0; i < LUMA_INTERPOLATION_FILTER_SUB_SAMPLE_POSITIONS_SIGNAL; i++ )
    {
      m_filteredBlockTmp[i][c] = nullptr;
    }
  }
}

void InterPrediction::destroy()
{
  for( uint32_t c = 0; c < MAX_NUM_COMPONENT; c++ )
  {
    for( uint32_t i = 0; i < LUMA_INTERPOLATION_FILTER_SUB_SAMPLE_POSITIONS_SIGNAL; i++ )
    {
      xFree( m_filteredBlockTmp[i][c] );
      m_filteredBlockTmp[i][c] = nullptr;
    }
  }
}


void InterPrediction::init( RdCost* pcRdCost, ChromaFormat chromaFormatIDC, const int ctuSize )
{
   if( m_acYuvPred[REF_PIC_LIST_0][COMPONENT_Y] == nullptr ) // check if first is null (in which case, nothing initialised yet)
  {
    for( uint32_t c = 0; c < MAX_NUM_COMPONENT; c++ )
    {
      for( uint32_t i = 0; i < LUMA_INTERPOLATION_FILTER_SUB_SAMPLE_POSITIONS_SIGNAL; i++ )
      {
        m_filteredBlockTmp[i][c] = ( Pel* ) xMalloc( Pel, size );
      }
    }
  }
}
  


Pro/cons
The above changes give the following benefit:
· Remove the need of create/destroy code,
· Transparent memory management.
· We observed a 15% memory needs decrease compared to VTM-11.
The following drawbacks can be noted:
· Some code needs more refactoring to be RAII compatible (e.g., HLS)

Caching system
Method
· Prefer low level caching to avoid state sharing at high level,
· automatic memory pool (formerly XUCache), non-intrusive and safer.
Examples
· In Merge Inter using local cache between fast pass and full pass, creating state sharing between several tools, a replacement is proposed using an associative array between CU parameters and motion compensation results.
Pro/Cons
The above changes give the following benefit:
· Reduce module dependencies, easier module maintenance/optimization,
· Allow more speed-up opportunities.
· Non-intrusive for user.
The following drawbacks can be noted:
· Might introduce a small overhead for the caching/retrieving logic, as opposed to manual, user-based caching.
SIMD
Method
· Simplify the architecture for more straightforward code (no mix template/macro/include)
· activate SIMD per module.
Pro/Cons
The above changes give the following benefit:
· Clear view of SIMD/non SIMD code per module,
The following drawbacks can be noted:
· Possible code duplication (not observed so far).

Naming
Method
· Simplify/improve consistency in naming,
· Prefer namespace to long function naming,
· encoder module use the same name as the decoder module (with the additional Encoding namespace.
Example if (dmvrApplied)
  {
    Inter::DMVR::process(cu, areas, pcYuvPred, slice.clpRngs(), bdofApplied);



Pro/Cons
The above changes give the following benefit:
· Clarify naming, enforce consistent naming across all tools,
· Allow to specify encoder only/decoder functions,
· Modern IDE friendly for completion.
The following drawbacks can be noted:
· Too long naming?
File layout
Method
· Use hierarchy similar to the module/namespace name (see overview below)
· Use include-what-you-use to decrease build time,
· split/clean the Typedef file: constants, options macro, platform options, etc. 
· Move tools related constants/parameters/type to tools module file if possible.



Example: File tree partial overviewEncoder/Tools
├── Common
│   ├── Distortion
│   ├── Distortion_simd
│   └── Reconstruction
├── Entropy
│   └── BinEncoder
├── Inter
│   ├── AffineGradientSearch
│   ├── Affine
│   ├── Affine_simd
│   ├── AMVP
│   ├── Bcw
│   ├── Common
│   ├── Common_simd
│   ├── Geo
│   ├── Geo_simd
│   ├── MotionEstimation
│   ├── MotionEstimationHash
│   ├── Smvd
│   └── WeightPrediction
├── Intra
│   ├── IBC
│   ├── IBCHashMap
│   ├── IBCHashMap_simd
│   └── PLT
├── LoopFilter
│   ├── ALFCovariance
│   ├── ALF
│   ├── Deblocking
│   ├── Reshaper
│   └── SAO
└── Partition
    ├── ISP
    └── SBT
Core/Data
├── Basic
│   ├── AlignedBuffer
│   ├── ChromaFormat
│   ├── ComponentArea
│   ├── Container
│   ├── DynamicCache
│   ├── Hash
│   ├── Mv
│   ├── PelComponentBuffer
│   ├── PelUnitBuffer
│   ├── Position
│   ├── SimpleArea
│   ├── SimpleView
│   ├── Size
│   ├── UnitArea
│   └── UnitView
└── Coding
    ├── CodingStructure
    ├── CodingUnit
    ├── CodingUnitTools
    ├── ColorSpace
    ├── CommonDef
    ├── Constants
    ├── HashPicture
    ├── MotionInfo
    ├── MvTools
    ├── Picture
    ├── SizeIndexInfo
    ├── TransformUnit
    ├── TypeDef
    └── VideoIOYuv

Core/Tools
├── Common
│   ├── Distortion
│   ├── Distortion_simd
│   ├── Options
│   ├── Reconstruction
│   ├── Reconstruction_simd
│   ├── Rom
│   └── TUTools
├── Entropy
│   ├── ContextModelling
│   └── Contexts
├── Inter
│   ├── Affine
│   ├── Affine_simd
│   ├── Amvp
│   ├── Amvr
│   ├── Bcw
│   ├── BDOF
│   ├── BDOF_simd
│   ├── Blending
│   ├── Blending_simd
│   ├── BlockMC
│   ├── BlockMC_simd
│   ├── CodingUnitMC
│   ├── Common
│   ├── DMVR
│   ├── DMVR_simd
│   ├── Geo
│   ├── Geo_simd
│   ├── Hmvp
│   ├── Merge
│   ├── Mmvd
│   ├── RPR
│   ├── Sbtmvp
│   └── WeightPrediction
├── Intra
│   ├── Directional
│   ├── IBC
│   ├── InterCombination
│   ├── LMChroma
│   ├── LMChroma_simd
│   ├── MIP
│   ├── MIP_rom
│   ├── Palette
│   ├── Prediction
│   └── ReferenceSample
├── LoopFilter
│   ├── ALF
│   ├── ALF_simd
│   ├── Deblocking
│   ├── Reshaper
│   └── SAO
├── Partition
│   ├── ISP
│   ├── Partitioner
│   └── SBT
└── Transform
    ├── DepQuant
    ├── EMT
    ├── Quant
    ├── QuantRDOQ
    ├── RomLFNST
    ├── RomTr
    └── TrQuant
Source
├── AppUtils
├── Core
│   ├── Data
│   │   ├── Basic
│   │   └── Coding
│   ├── Tools
│   │   ├── Common
│   │   ├── Entropy
│   │   ├── Inter
│   │   ├── Intra
│   │   ├── LoopFilter
│   │   ├── Partition
│   │   └── Transform
│   └── Utils
├── Decoder
│   └── IO
├── Encoder
│   ├── IO
│   └── Tools
│       ├── Common
│       ├── Entropy
│       ├── Inter
│       ├── Intra
│       ├── LoopFilter
│       └── Partition
├── HLS
├── libmd5
└── Trace


The above tables give an overview of the directories/files layout. The full source code is attached to this contribution for a better view. 
Pro/Cons
The above changes give the following benefit:
· Easier module maintenance/optimization,
· Follow more closely the VVC specifications,
The following drawbacks can be noted:
· Algorithms are spread over modules (easily mitigated with modern IDE)
· Possible code duplication (not observed so far).

Pro/Cons
The above changes give the following benefit:
· Encoder and decoder separation is stricter, allowing a clear alignment with VVC specifications.
The following drawbacks can be noted:
· Files are spread over more directories (easily mitigated with modern IDE)
Remaining work
· Remove some remaining encoder part in Core: mainly the EncodingData in codingstructure,
· Finish split of encoder/decoder files and functions at higher level (e.g., EncCu)
· Some modules to be cleaned “in-place” (e.g., SAO, ALF) as they already are in separate files.
· HLS has not been cleaned up, but HLS related files have been put together in an HLS directory.
· Some low-level code optimizations (mainly cache system) are not activated yet.
Not supported yet
· Recent changes in VTM-12.0 have not been ported yet.
· As parallel computation constraints are very hard to maintain during the codec development cycle, it is not supported in the refactoring. However, side effect removal and private data are usually very useful constraints when developing a multi-threaded version of a program.
Compatibility
· The following compilers have been tested to build the provided source code without warnings/errors:
· Gcc: version 6, 7, 8, 9, 10
· clang: version 6, 7, 10
· visual studio: version 2015, 2017 and 2019
· The provided source code pass memcheck without any warnings on a small encode/decode sample.
Discussions
Overall, one accustomed to the VTM code should quickly get familiar with the refactored code.
Even if a large part is already refactored (especially low and medium level of the architecture), the proposed code is still a work in progress. We would like to encourage discussions and feedbacks on the current state of the proposed code.
A second stage for improvement would be to merge the improvements of vvenc/vvdec in the RVTM code in order to benefit from the SIMD speed-ups and improved fast-methods.
We propose the following steps:
1- create a repository and encourage feedbacks and contributions on code refactorization.
2- a mandate in AgH3 to study the refactored software
3- take a decision at next JVET meeting to switch to the refactorized code.
Patent rights declaration(s)
InterDigital does not have any current or pending patent rights relating to the technology described in this contribution.
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