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1 Executive Summary

This document is the final report of the LHC Computing Grid Project Requirements Technical Assessment Group (RTAG) on detector simulation tools.

The mandate from the SC2 was rather vast and ambitious, given the time scale the RTAG was allocated, the fact that many of the points in the mandate have a scope which spans over a large spectrum of activities (of which simulation is only one) and the activities the collaborations are currently pursuing in order to commission their detector simulation programs: the experience gained has brought to light new requirements and ideas that will have to be accommodated by any future simulation activity: the aim of this RTAG is to sketch a path to a common project (or a series of common projects) which has to meet all requirements from the LHC experiments. 

 Issues addressed by this RTAG were:

1. Use cases 

· Simple setups and processes

· Test beam

· Partial or full experiment configurations

· Parameterised simulation

2. Simulation packages

· Geant3

· Geant4

· FLUKA

3. Architecture and requirements for

· Application control and steering  (including infrastructure and services for persistency, meta-data management etc.)

· Geometry modeling

· Generator input 

· Monte Carlo truth

· Physics processes and tuning

· Run and event management

· Hit creation and formatting

· User interfaces for monitoring and tuning

Despite different architectural approaches, convergence was achieved in terms of fundamental requirements as to the functionality and interfaces of candidate simulation packages. The RTAG strongly recommends that future design and development be driven by LHC collaboration requirements to the largest possible extent. To this end, a collaborative process between the collaborations and the candidate packages would be indispensable.

The collaborations agree on the need to phase out Geant3 simulation at the earliest opportunity, in favour of either Geant4 or FLUKA.

The ongoing physics validation activities shows that Geant4 is becoming a mature and viable alternative, though several improvements are still needed for it to be employed successfully in the ambitious simulation programme foreseen for the LHC. The RTAG strongly recommends that the LCG play an important role in managing and monitoring the LHC/physics validation process and that, to this effect, human resources be allocated.

All collaborations express interest in using FLUKA either to supplement or to supplant Geant4 as primary simulation engine. A possible mechanism is that an agreement be established between the interested parties so as to enable FLUKA to be considered a viable candidate in terms of source code availability.

The RTAG recommends as a longer-term goal that a generic simulation framework be developed. Such a framework should allow the use of different simulation engines in a transparent and easy-to-customise way in the context of the experiment software base. The ALICE Virtual Monte Carlo is an interesting starting point to that effect.

2 SC2 mandate to the RTAG

Define the requirements and a validation procedure for the physics processes as needed by the LHC experiments

Processes should include electromagnetic, hadronic and the various backgrounds

The requirements for the physics models and the energy range they should cover should be addressed

Provide guidelines on performance, memory and speed

Study the requirements for integrating the simulation engines (i.e. Geant 4, FLUKA etc.) in the application programs. Topics to be addressed should include:

· Mechanism for specifying and configuring the physics processes 

· Mechanism for interfacing to the physics generators 

· Mechanism for keeping track of MCtruth information

· Mechanism for specifying the detector geometry

· Mechanism for outputting the event data

· Support for general simulation services such as transport mechanism, shower parameterisations and for an inverse tracking and reconstruction package “à la GEANE”

· Other issues related to interfacing to general services of the various software frameworks, such as event visualisation, job configuration, user interfaces etc. 

2.1 Guidance from the SC2

There are two specific issues that need addressing. The first is related to the requirements for, and validation of, the physics processes. The second is concerned with the architecture of the simulation programs, in particular the scope of the simulation engines (G4, FLUKA,…) and how to interface them to other framework services. The RTAG is also requested to define the highest priority work which could be taken on by the LCG Applications team in this area.

2.2 Response of the RTAG to mandate and guidance

The idea behind the RTAG actions is to try to identify the basic components needed for future detector simulation work at the LHC by considering the current activities in the four LHC collaborations. It is clear that current thinking of what simulation should or will be in the collaborations has been shaped by several years of experience, trial and error and activities in several different fields: this is probably the reason for different points of view and different emphasis being put on some matters. It is hoped that consensus can be reached on a coherent set of components for future simulation activities. 

The basic idea is to set the basis for future common simulation activities within the LCG, to which the LHC collaborations can then refer to find support, to bring in new requirements and to advance more rapidly by profiting from common experience. 

.    

2.3 RTAG timetable

The RTAG met in eight three-hour sessions in the weeks of  5 August, 23 September and 21 October 2002 and delivered an interim report to the SC2 on 6 September 2002. A final report to the SC2 has been fixed to be on 6 November 2002. It must be noted that two members of this RTAG were appointed to participate in the Geant4 Delta Review on October 10-12 2002; this allowed us a rather deep insight into one of the most used simulation engines on the market. Meetings with experts (R. Brun, for the Root geometry model, J.P. Wellisch for the Geant4 hadronic physics, J. Apostolakis for the Geant4 infrastructure, A. Ferrari and P. Sala for FLUKA) were organised when issues of specific interest to this RTAG had to be discussed.

3 Scope and Requirements

3.1 Scope

The intention of the RTAG is to address all simulation engines currently used by the LHC collaborations in order to understand and sketch down a strategy for the years to come. The simulation frameworks currently adopted by the experiments are analysed in order to establish convergence in the requirements and grounds for common activities. Fast simulation programs and event generator smearing are not considered to be in the scope of this RTAG.

3.2 Principal use cases

It is quite difficult to cover the complete spectrum of simulation activities in LHC collaborations: simulation of relatively simple (or simplified) detector setups, test beam simulations and complete detector simulations are the main use cases which must be considered. The RTAG admittedly concentrated on full detector simulation, which is the most demanding, both in terms of performance and of complexity of the physics models involved. Issues like background calculations, radiation level studies and beam line simulations were initially underestimated and never addressed by detector simulation packages such as Geant; this proved to be a major setback for the LHC:  given the importance that this kind of studies has acquired, these specific arguments will have to be addressed by any major simulation package.

3.2.1 Geant3

Geant3 is a detector simulation package developed for the LEP detectors: it is written in FORTRAN and uses ZEBRA for memory management. The package was distributed with the CERN library and has been frozen since 1995. Geant3 has been used by all LHC collaborations and stress-tested to the limit (ATLAS is currently running a simulation program where geometry accounts for 27M volumes). While CMS and LHCb are moving away from Geant3 right now, ATLAS is still using Geant3 to simulate the detector in the current Data Challenges. ALICE is using Geant3 for their production, however the development of  the Virtual Monte Carlo interface allows them to run different transport codes (GEANT3, GEANT4, FLUKA) in a transparent way.

Geant4 is a detector simulation toolkit developed specifically for the LHC detectors, although its scope has expanded to cover space and medical applications. Geant4 is the package chosen by ATLAS, CMS and LHCb for their  simulations: the move to Geant4 should be completed by the end of 2003. ALICE have an operational interface to it in their AliRoot Monte Carlo framework, although interest in Geant4 seems quite low.  

A rather intensive physics evaluation programme has been carried out (especially by ATLAS) to verify that the physics models and processes currently implemented in Geant4 satisfy the experiments requirements in terms of accuracy and quality. Whilst the electromagnetic models seem to reproduce the data quite accurately, there is still room for improvements in the hadronic sector, where more work (in terms of validation as well as of  implementation of physics models) is needed. With the exception of ALICE (who studied low energy hadronic processes in detail) the LHC collaboration concentrated on specific test beam cases and few tests at the single process level were performed: no test suite exists yet to verify the functioning of the program.

The collaborations which decided to adopt Geant4 are currently working at merging Geant4 with their software frameworks and infrastructure. Concerns about a perceived insufficient modularity and some rather invasive aspects of the Geant4 framework have been raised by all LHC collaborations: common solutions (that require some amount of redesign) will have to be found, in close collaboration with the Geant4 team.

3.2.2 FLUKA

FLUKA is an integrated detector simulation program which has been rather extensively used by all LHC collaborations for background calculations, radiation studies and beam line simulations. It is now a common requirement that FLUKA be made available and integrated into a general simulation framework so as to be usable as a simulation engine for precise detector simulation studies: ALICE plan to use FLUKA as their primary simulation engine. The major problem with FLUKA that LHC collaborations are faced with is that the package is not officially supported by CERN and only the object code is publicly available: the RTAG has been reassured that a solution to this problem is being worked out; nevertheless, there are still concerns about the time scale of an eventual solution. Another problem is the incompatibility between the FLUKA and Geant3 infrastructures, which makes common user code (detector geometry, user actions, scoring) hardly possible to use and synchronise. An interface from FLUKA to the Geant4 geometry package (FluGG) has been recently  developed by the FLUKA authors and is currently used by several parties: a set of abstract interfaces (and concrete implementations) which allow the concurrent use of FLUKA and Geant4 from within the same simulation infrastructure is certainly feasible, as demonstrated by the ALICE Virtual Monte  Carlo plan.  
3.2.3 Simulation in the experiments

While Geant3 has been used extensively by all LHC collaboration, ATLAS CMS and LHCb have decided to move to Geant4 as their primary simulation platform. The integration in the respective software frameworks has been achieved in all cases by implementing a infrastructure layer (Goofy for ATLAS, Mantis for CMS, GiGA for LHCb) which aims at isolating the “tracking” part of the simulation engine while still profiting of  all services provided by the frameworks themselves (event generators, persistency, event display..). The use of FLUKA is confined to specialised groups dealing with radiation studies, background and beam line calculations. Only a few groups have used and tested FluGG which allows to run FLUKA using a geometry defined for Geant4.

The ALICE off-line project has developed the concept of Virtual Monte Carlo (VMC) to allow to run different simulation Monte Carlo programs without changing the user code and therefore the detector response simulation, input and output format and the geometry definition. Recently, the relevant packages have been separated from their AliRoot framework and can be used stand-alone by any other HEP project. It consists of a set of base classes, now provided in ROOT. Implementations exist for Geant3 and Geant4 whilst the  FLUKA interfacing is still undergoing.

A new geometrical modeller (currently distributed with Root) has been developed, which should replace those in use with Geant3, Geant4 and FLUKA and constitute a unifying factor: the geometrical navigation for all the engines must still be interfaced though, and the amount of work needed for achieving that is still not clear.

3.3 General requirements

All four LHC experiments use Geant4 in the context of their own frameworks; AliRoot/Virtual Monte Carlo in ALICE, Gaudi/GiGa in LHCb, Athena/Goofy in ATLAS, COBRA/Mantis and IGUANA in CMS. The ALICE Virtual Monte Carlo also supports interfaces to Geant3 and FLUKA.

The ATLAS, CMS and LHCb approaches are very similar, reflecting the underlying similarities of their respective architectures and frameworks. The ALICE approach is different but commonalities can still be identified at various levels.

Experiments use or need to use simulation packages as toolkits rather than as frameworks. The experiment frameworks provide the core services needed for control, monitoring and persistency. To cater for the varied simulation requirements, the simulation frameworks strive to be independent of user applications, with minimal internal coupling and able to run without or with any user interface.

3.3.1 Detector description and geometry

The approaches for geometry building differ in their specific implementations but all rely on starting from their respective detector descriptions, which are expected to be common and useable for all applications. Several requirements emerge at this stage. Any coupling of geometry initialisation to the run management is undesirable. It has been demonstrated that it can be bypassed, but a clean decoupling should be effected by the packages. In the case of Geant4, the current infrastructure is demanding in terms of proper notification mechanisms at the required granularity from the appropriate sources. Such notifications are essential amongst other things for visualisation. Proper management (and garbage collection) of geometrical entities at all granularities is indispensable in order to ensure the required versatility of a simulation application.

3.3.2 Generators and Monte Carlo truth

It is a fundamental requirement that any generator input can be chosen at any appropriate time such as at the start of an individual run. Generators typically used by the experiments include particle guns, physics event generators (e.g. Pythia) or pre-existing data input in ntuple or text formats. Static mechanisms such as the current Geant4 generator action are restrictive and several workarounds have to be employed in order to provide the possibility of run-time selection and configuration. Generator input has to be passed on to the simulation package. Several mechanisms (e.g. via a HEPEvt interface or using a HepMC event) are available, either implemented by the experiments themselves or in Geant4 examples. It is highly desired that a uniform approach be established and appropriate interfaces be provided by the candidate packages.

If in particular the HepMC format is indeed adopted as the  standard for the Monte Carlo event, a configurable mechanism must take care of the event conversion to the required format. The generator input should nevertheless remain traceable by the user application. This is important for decisions to be made on the Monte Carlo truth to be stored by the user. At present this is typically handled internally by the event management and offers no handles to important information as the secondaries for the predefined decay modes.

In general there should be a unique source of particle property tables and, as such, it should not be hardwired to any code. The same particle data should be accessible by all applications that need to use them (for instance event generators, physics simulation processes etc.)

Monte Carlo truth is in itself a big issue. Vertex to track to particle to process information, associations and history are indispensable in order to establish and save useful Monte Carlo truth in the course of event processing. The existing mechanisms are clearly inadequate or too cumbersome and costly for viable solutions to be put in place.  Although the experiment use cases and final implementations will almost certainly differ, the underlying functional requirements should be the same and must be identifiable if such issues are further investigated.

3.3.3 Physics

The physics part is the heart of any simulation program and, as such, determines the success of any simulation activity. The physics processes in the candidate simulation package should cover the whole energy spectrum which is of interest to the LHC experiments (from the keV up to ~10 TeV scale). As no model can cover the whole energy spectrum, models should be combined together seamlessly in order to do so. A default configuration must be provided (by the authors or decided by the experts), which reflects the best knowledge of the problem: the configuration must be the same for the whole detector (there should not be different physics lists for different regions of the detector). Users must not be asked to implement their own combination of physics processes (this is very error prone and mistakes can be quite difficult to trace back) but always be given a standard configuration (possibly the richest): different use cases are then taken care of by using tracking and production thresholds or by tuning the models. When different possibilities exist, the authors or the experts must advise on the one which is more likely to meet the use case. The possibility of tuning the various models must be provided (and documented) for the advanced users. It should be possible to turn on/off processes volume by volume, as well as to set thresholds. 

Physics initialisation is another major component that must be decoupled from run management. Selection and configuration of physics lists must be drivable by the simulation application at any appropriate time such as the start of an individual run or following a geometry change. Moreover, it should be possible to store/save the cross section tables calculated at physics initialisation so as to speed up the initialisation of a simulation job.
3.3.4 Shower parameterisation 

Very detailed simulation of calorimeter response will undoubtely prove too costly for the large event samples that the LHC experiments will have to produce. Stand alone fast Monte Carlo programs which are useful for pilot studies will probably not satisfy the need for a generic and easy-to-customise infrastructure, which can combine the advantages of full and fast simulation in the same application. 

Prototyping based on reproducing GFLASH functionality in the Geant4 context demonstrates the usefulness and feasibility of such a combined approach. The experiments express strong interest in these developments out of which requirements for a common project may well emerge.

3.3.5 Inverse tracking and error propagation

Candidate simulation packages should offer the in-built capability of providing average tracking and error propagation. This does, in turn, translate into a series of requirements on geometry, physics processes and tracking. The functionality offered by packages such as GEANE (in the Geant3 case) should be mapped into concrete requirements on hooks and interfaces to be provided by the candidate simulation package.

3.3.6 Hits

All experiments have chosen to use their own hit formats and collections. This allows transparency, coherence and consistency across the different applications for simulation, reconstruction and visualisation. External hit infrastructures are scarcely, if at all, used. They are generally non intrusive. In the case of Geant4, potential improvements are coupled with the treatment of the event entity

3.3.7 User actions 

Notification for tuning and monitoring actions is at present implemented by the experiments in various different ways that essentially try to overcome the present coupling to the run/event management and the user action mechanisms. Simulation requirements are by nature varied and changeable. From the user/client side of a simulation application anybody may be observing or even attempting to access and modify anything. The creation of a hit may trigger a decision to save/persistify the associated track and its history as part of the Monte Carlo truth. A looping particle caught in a specific detector region may need to be killed or given a boost, actions which may entail a host of other decisions to be taken and interventions to be made. Attempting to produce a list of potential use cases and requirements would be pointless. The implementation solutions chosen for the user action management and call-back mechanism depend on the architecture of the underlying software framework but they should aim at maximal flexibility with minimal coupling: action or even multi-action managers, dispatcher-observer patterns and other mechanisms can be employed in order to ensure such flexibility.

Modularisation of the event and run entities and their management, along with proper notification at the desired granularity by the appropriate entities, are again the key requirements.
3.3.8 Utilities

Common utilities for calculating material budgets (thickness in radiation length, weight etc.), overlap detection tools, interfaces to histogramming packages, configurable exception handling, and tools for performance monitoring at the desired granularity should be provided. The above list is not exhaustive but indicative of the diversity of  possible requirements.

3.3.9 (G)UI and Visualisation interfaces

This is a big issue in itself, as seen by the interest expressed by the participants at the recent Geant4 workshop. Considerable expertise exists in the experiments and this could be leveraged by the LCG in order to facilitate and accelerate developments in the candidate simulation packages.

Recommendations for scripting interfaces have been covered by the Blueprint RTAG and will not be repeated here. 

The ongoing collaboration between Geant4 and experiments, which have produced major visualisation systems, should be encouraged, as it could be already a starting point for a common activity.

4 Generic simulation framework

The architecture of the proposed detector simulation suite is described in terms of components which are rather clearly identified in the list of requirements. Each component should define its well-defined interface: components interacts together and with the overall framework by means of their respective interfaces

4.1 Design criteria

· The detector simulation suite should permit concurrent use of different packages (Geant, FLUKA) as simulation engines. The user code should be the same for all engines

· The detector simulation suite should be a toolkit. Components (as specific implementations of abstract interfaces) should be replaceable 

· Abstract interfaces should be designed for all major components

· If implementations already exist providing the required functionality they should be considered  in order to provide the initial implementation 

· The detector simulation suite should be designed in order to fit seamlessly in the proposed LCG software framework (Blueprint RTAG) and make use of the proposed services

· The detector simulation suite should be designed in order to meet the recommendations of the RTAGs on Persistency (RTAG 1), Event Generators (RTAG 9), Detector Description (RTAG 7).

· It should be possible to use the simulation framework interactively and have direct access to the component objects at run time

The ALICE Virtual Monte Carlo provides an existing implementation and it should be evaluated by all other experiments to see if it fulfils the requirements, in which case it can considered as a starting point for a common initiative on detector simulation framework.

4.2 Framework components

The detector simulation framework should consist of a set of individual components which deal with well specific tasks, some of which are underlined here.

4.2.1 Geometry model

The geometry model is of paramount importance for any detector simulation suite and must be considered with very high priority. All simulation packages currently in use come with their particular model, and there is very little commonality (e.g. the lack of  a useable tool for migrating from Geant3 geometries to Geant4 has been a setback for quite some time). Geometry has been a recurrent argument during the RTAG. From the detector simulation viewpoint, the FluGG interface (FLUKA using the Geant4 Geometry) provides already a working solution that would allow using Geant4 and FLUKA from the same geometry source. On the other hand the Virtual MonteCarlo project foresees using the Root Geometry Model (which was presented to the RTAG) which should replace all models currently in use, by re-implementing geometrical navigation for all simulation engines. It is clear (also from discussions with RTAG 7) that any decision on a geometrical model at this stage would have a rather heavy impact on other fields (reconstruction, detector description etc.)  and that this issue must be studied carefully, in order to understand all possible implications on a common software framework. It has then been decided not to discuss the argument any further and to leave the issue to a future detector simulation project.

4.2.2 Event generators and kinematics

As recommended by RTAG 9, the HepMC format is considered as the default interface to the detector simulation infrastructure. As not all generators needed by the LHC collaborations will be supported by the LCG and in order to re-use existing event formats, an abstract interface can be deployed . Moreover, users should be allowed to manipulate and transform the event after it has been read in (vertex smearing, particle filtering).

4.2.3 Monte Carlo truth

Monte Carlo truth’s task is basically to provide a link from the hits back to the original, generated event. As such, it must contain all primary particles (and vertices) which were fed into the detector simulation and provide the possibility (user-driven) to store new particles and vertices as they become available during tracking. It should then be possible to set parent-daughter relationships at tracking time so that even complicated decay situations (e.g. B mesons) can be reconstructed  at the end of the event. This in turn requires the implementation of a rather “intelligent” particle stack for the user to decide when and how to add new particles and vertices and to save partial branches (e.g. showers) of the simulated event. None of the existing simulation packages implements a satisfactory solution to this problem and the issue should be addressed with high priority. Solutions have been worked out in the experiments which should be studied to understand if a common strategy can be found which addresses all collaborations requirements.

4.2.4 User actions

Users should be allowed to intervene at any level of the detector simulation chain (event, step, track etc.) in order to collect information (e.g. histograms) or to decide on a course of action (e.g. to kill an event or to store a particle/vertex in the MC truth). Stubs for user’s intervention should be provided at all levels and a mechanism should be in place for users to have their code implemented with minimum effort (dynamic loading). The number of possible “actions” at any level should not be limited and a priority mechanism should be in place to decide which code will run first. The basic information available at any level should not depend on the particular simulation engine being used (though the original information should still be obtainable). It should not be possible, from an user action, to modify the status of the engine in an unpredictable  way. Different solutions have been implemented by all collaborations, which should be considered in order to come up with a common solution which satisfies all experiments requirements.

5 Specific recommendations to the SC2

The RTAG recommends that a generic simulation framework should be developed

Aside from the recommendations on specific packages, the RTAG would urge the LCG to put in place a common project that would address general simulation infrastructure and services. This should minimise duplication, waste of effort and divergence, and would provide the model for collaboration between the experiments and the simulation projects. Such a framework should allow the use of different simulation engines transparently and customisably in the context of the experiment software base.
The RTAG recommends that the LCG support Geant4

Geant4 being deemed as a potentially viable solution, the RTAG recommends that the LCG support Geant4. This implies that the LCG should be represented in the Geant4 management and participate in the development of  the product. Therefore, the CERN resources currently working on Geant4 and any person power allocated by the LCG should be focussed as much as possible on the LHC project needs and be deployed along the lines established by LCG. The physics programme (in particular hadronic physics) should be strengthened and focus should be redirected to the LHC requirements. LCG Resources should be made available in order to provide and ensure continued support at the required level.

The RTAG recommends that the future design and development of Geant4 be driven by LHC requirements to the largest possible extent

The RTAG recommends that (re-) design be undertaken to improve the modularity of Geant4 with respect to:

· Run and event steering 

· Detector description

· Physics generators and Monte Carlo Truth

· Selection and configuration of  “physics lists”

The RTAG recommends that the LCG should either support or enable support for FLUKA

Given the expressed interest in FLUKA, the RTAG recommends that the LCG either support or facilitate  support for it, at least in terms of source code availability and usability. This might imply at least temporary provision of  resources and would certainly entail commitments in testing and benchmarking in terms of the LHC programme requirements.

The RTAG recommends that the LCG take a leading role in managing and monitoring the LHC physics validation process.

Current physics validation efforts should be re-organised into a project, for which the LCG takes long-term responsibility, in order to always provide good and reliable simulation tools that meet the community’s requirements

The main points behind such an effort are:

· To provide support and infrastructure from which LHC collaborations can profit in the course of their detector validation programmes

· To collect and address experiments requirements; to make sure they are followed up and eventually satisfied in the most efficient way

· To gain and spread knowledge and expertise 

· To manage the implementation of additional models/processes, to facilitate support, documentation and distribution 

The validation programme must not be limited to one candidate package but extended also to those that will become progressively available. The programme would enormously benefit from direct interaction with the experts, especially in the field of the hadronic physics; a senior physicist should be appointed to overview the project.. This programme is not aimed at replacing the proposed HEP User Requirement Committee for Geant4 but should supplement and support it and should target LHC-specific issues

The RTAG notes that a physics validation effort cannot be successful without an active participation from the experiments: existing test beam data (and future combined tests) should form the basis of such an effort and strict collaboration and communication are needed.

The RTAG recommends the development of a test suite encompassing single-process tests and more general test beam simulation studies

A physics validation programme would be greatly facilitated by the development of LHC specific benchmarking suites and the infrastructure required for commissioning, monitoring and documenting benchmarking results. A process for comparing results obtained using different simulation engines must be established: such a process must be driven by the LHC research programme. 

The RTAG recommends that packages for fast calorimetric simulation and shower parameterisation (GFLASH-like) be developed 

The framework for physics parameterisation as currently implemented in Geant4 appears to be quite suitable  to this purpose, although design changes might be needed if an appropriate parameterisation of hadronic showers is required. The requirement for a similar possibility to be implemented in other packages (FLUKA) clearly depends on the scope of the simulation engine under consideration and must be studied in terms of use cases.
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