Project Proposal -- 

Virtual Machines for Cluster Computing
1.  Project Description. 
Two recent trends in the computing society made us think about studying virtual machines for cluster computing. The first trend is that dozens of virtual machine projects have demonstrated promising potentials such as design flexibility, software compatibility, performance, power and fault containment in many co-designed micro-processor, uniprocessor system and multiprocessor system projects. The other trend is that the computer system construction strategy has been strongly shifting towards integrating cost-effective and technology-tracking commodity modules instead of involving large percentage of costumed design work in the whole system design and development. 

Section 1.1 considers a little bit of the applications and goals of cluster computing, which might be helpful in defining the project. Section 1.2 describes the project itself. 
1.1  Applications and Goals for Cluster Computing
The following application areas motivate the development of multiprocessors and/or cluster computers. 

Client-Server is the most popular computing paradigm in the commercial, personal and Internet computing communities. It seems reasonable to assume that the demands for powerful high end servers will keep strong in the future market while most server owners would have limited budgets, and variety of platforms, software bases across generations due to evolution of the companies. Facts indicate that commercial servers in these areas  take the majority of today’s high end computer market. 

High performance Scientific and Engineering computing demands will keep increase. Traditionally the major demands in high end computer market, they still play an important role. 

Computer Graphics/Vision, Multimedia, all kinds of demanding virtualization applications, computer animations and their applications in entertainment, and even virtual reality could be major new applications in the future for high end machines.
Although there are enough application demands for parallel and/or distributed computing, the best programming paradigm in this end is not very clear, both shared memory and message passing have their own advantages and disadvantages.

Ideally, the following features are desired for high end machines: 
· High performance -- Hundreds of up-to-date processors, Huge memory, permanent storage and communication capacity may be needed for many applications.   

· Reliability -- The availability of the system, fault containment for both Software and Hardware faults.   
· Cost Effectiveness.

· Scalability --  Including both the hardware platform scalability and the scale of applications, which may have different computing power requirement and ABI/ISA assumptions, it can support. 
· Flexibility – Features like dynamic reconfiguration, platform independence, multiple ISA support and multiple parallel programming paradigms e.g. message passing or shared memory.

Both multiprocessor systems and clusters can accomplish the above goals to different extents. We describe our VM on clusters paradigm next, refrain from arguing about its advantages and disadvantages compared with multiprocessors until the section for Motivations. 
1.2  A New Paradigm for Cluster Computing ? 
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Based on the work from Cellular DISCO VMM for NUMA-multiprocessors, we propose a similar work for virtual machine monitors on top of (SMP) clusters to turn cost-effective commodity SMP systems into highly parallel, scalable and cellular NUMA-like multiprocessor systems to support desired parallel virtual machine models for various purposes (Figure 1). For example, A virtual machine supports the native ISA of the node and SMP parallel programming model to execute familiar applications on the local node; A parallel virtual machine with a specific ISA and message passing API to support some message passing or cluster applications; And yet another parallel virtual machine across multiple nodes to support shared memory parallel programming paradigm. Two things deserve notice One is that multiple ISA, OS service models, API or paradigms are supported simultaneously in the system.  Another is that there is no single entity in any single layer in the whole system, event not at the OS level, which is often the performance and reliability bottleneck in multiprocessor systems. 
Interesting issues/topics to study: 

Fine grain resource sharing of common server resources such as processors, memory, network interfaces and disks among cluster nodes. For example, VCPU migration for load balance, memory sharing and parallel disk I/Os. 
Checkpointing and VM/process migration for both HW and SW fault containment. In addition, we can study dynamic hardware reconfiguration via fault recovery mechanisms inside a co-designed VM, therefore, making upper OS enjoy a more easy life for this purpose.    
Dynamic verification of cache coherence/shared memory coherence and memory consistency models with virtual machine support as protocols are becoming aggressive and difficult, expensive to test and verify in design and manufacture. HW alone may not be a good solution. 
Search for a potentially unified solution for such VMM system for both clusters and large scale multiprocessor systems as the architectures are converging. 

Finally, as there are many attractive features that we want to support in the VMM on top of clusters, e.g. multiple ISA support, dynamic verification, fault containment, dynamic configuration etc. We need to figure out some effective ways to integrate various VMM technologies without losing major VMM advantages over conventional OS kernels like reliability, fast maturity, flexibility and extensibility. How to integrate these and many other VMM technologies together without making VMM too large or complex like another layer of big OS code base is another very important technology to enable VMs for cluster computing. 
2.  Motivations. 

Two major motivations: The opportunities offered by VM technologies and the whole computer system construction strategy has been strongly shifting towards integrating cost-effective and technology-tracking commodity modules, in particular, the commodity high speed network technologies enable clusters having a comparable interconnection with those multiprocessors and multicomputers.  
Many people believe NOW/Clusters are the most cost-effective way to build large scalable systems for high end market and it's verified to a large extent by the industry. 

VMM that turn clusters into a NUMA-like multiprocessor virtual machines allows users to enjoy both high end large scale parallel virtual machines and their familiar working environments simultaneously. The system could grow at flexible granularity, and look more scalable than conventional multiprocessor technology in reality. In fact, large-Scale multiprocessors are not often used as the way they are supposed to work. OS and other important software components always lag behind and most importantly, single OS entity in the whole system decrease both reliability and scalability. By organizing each node as a cell in the whole system, we have multiple cellular VMMs running on top of cluster computers and multiple  ISA/OS/parallel programming support, therefore, increase reliability, scalability, and flexibility. 
There are many ways to couple SMP nodes together. For example,

1. Program applications as distributed ones with standard APIs like PVM, MPI etc. This would ask for porting shared memory parallel programs to a distributed one, could make users unhappy. 
2. Develop distributed OS to support this. This make OS guys unhappy and in fact, OSes always lag behind hardware development. 
3. Make them NUMA like in architecture, possibly with some gluing hardware modules. Thus, we are providing a NUMA architecture interface to the upper layers while still having flexibility in hardware module design.  

VM on clusters has the following advantages or disadvantages: It inherits large base of system and application softwares with little or none changes to them, thus saves a lot to the huge software base. It may provide more opportunities for architecture innovations. By adding a piece of micro-software on top of hardware.Obviously, this makes extra burden to the architects and it may not actually be attractive to end  users for many reasons, e.g. unpredictable performance or just bad performance due to bad locality. 
The larger or more complicated a system is, the more important the role of the coupling elements and interactions among the system components would be. This is true in many architecture areas from microprocessor, multiprocessor systems, to NOW and cluster computer systems. Architecture is a highly quantitative area, we may need to reconsider many design and trade-off issues in light of new technology settings and reconsider the interfaces between different components/levels in the system. 

Taking into account the fact that the speed and latency of commodity networking devices improve very fast, in fact even faster than the custom system interconnection designs would improve because they are cheaper and better track technology, many assumptions and designs in current systems might have become the reasons of inefficiency and cost. For example, in most current message passing system or shared virtual memory systems, communication via OS services is an inefficient scheme, which stemmed from the time when networking devices are not as reliable as today, and was much slower, played a much less important role in the whole system. However, situations have been changed, networking/interconnect, no matter within a microprocessor, within a multiprocessor system, or inter-computers, became the focus and networking speed and latency has been improved substantially. Data shows that on Intel DELTA multi-computer, sending and receiving a message requires 67 uSec, of which less than 1 uSec is due to hardware latency. the main reason for such high overheads is that communication is provided as in the old times when networking software concerned too much about the poor networking condition in the old time. Another comparison, user space communication with Myrinet technology has a latency of  5 - 17 uSec while the Rice Treadmarks shared virtual memory would take 500 uSec for a short message to pass to another node. The high speed and low latency of today’s high speed commodity networks provides both opportunity and challenges.
3.  Related Research Work

There are many related projects on NOW or cluster computing paradigm. For example, Berkeley NOW, Princeton SHRIMP, Rice TreadMarks. They have done a lot of work on high speed networking technology for NOW/Clusters and shared virtual memory schemes for distributed hardware memory systems. We need to figure some way to incorporate these results into the architectural design of the paradigm. 
4.  Research Issues. 

Explore the potential design space for virtual machine monitors on top of SMP clusters, and come up with some high level but concrete architectural design(s). To make the design(s) practical/concrete, some high level analysis models need to be constructed and some high level simulations will be needed to study some potential critical trade-offs during the whole system design.  
As for a typical server end system, architects care most about such common resources as processors, memory, and I/O devices with special interests in networking interface and disks as they are the most concerned I/O devices for most sever end workloads. We describe our progress and problems on these components accordingly. Although this project aims at designing a whole VMM system for SMP clusters, we would take the Divide & Conquer strategy to attack the big problem, i.e. to make our design work concrete, we will try to solve simpler individual problems in each field in a bottom-up style while at the same time keep a top-down concern always in mind.  
4.1  Processors. 

This is the most mature area and technologies such as binary translation, dynamic profiling, monitoring and optimization would satisfy our multiple ISA support purpose. Other issues: VCPU check-pointing and recovery, VM migration. 

4.2  Memory 

Like shared memory placement, caching, migration and coherence protocols inside co-designed virtual machines. E.g. we use some hidden memory for shared memory caching or other purposes. Similar to NUMA-awareness in DISCO and Cellular DISCO, our VMM should be cluster-aware in its resource management. 
This is a kernel part of the project. Although there are many related work, we are still not sure of many issues. Some simulations would be carried out  in the next several weeks to study memory coherence performance, traffic and false sharing in different parameter settings like coherence granularity, network latency/bandwidth. This design would tangle with memory consistency models, which is subtle and many people are not sure of its future. One possibility is to design a FLASH MAGIC-like protocol processor as part of a codesigned VM to support shared memory among clusters in an excellent networking environment comparable to that of multiprocessors. Another possibility is at page level but with sub-blocking on a network not comparable to multiprocessors or an OS VMM is desired for no special hardware support. We are still confused at this point. 

4.3  Network Interfaces. 

We argue that, just as microprocessor designs took multiprocessor issues in mind several years ago, SMP system designs could also take the inter-cluster communication issues into account for better larger system integration. Specifically, we argue that the high speed networking interface should not be put in slow system area like some current I/O levels. It might be a good idea to put high speed networking devices directly on the memory interconnection, e.g. the snooping bus or other inter-processor and memory module interconnections. 

We anticipate that there might be multiple network connections in the future systems for various purposes, some high speed links for cluster computing w/o security concerns and some external links for internet access w/ much security concerns. VMM could help on these connection management provide a better the interface between the HW links and the upper OS and other software. 

As many research work focus on providing high speed networking service as user space service to reduce software overhead. We would like to figure out some way to virtualize the networking interface in front of various user space networking paradigms. 

4.4  Disks. 

One important outcome of the Berkeley NOW project is that they observed that for NOW architecture and its targeted workloads, the most benefits doesn't necessarily come from parallel processing, but rather from sharing memory among the nodes and the fact that NOW have a great potential for doing parallel I/O in a really cheap and scalable way. As the network speed is much faster than disks, paging to another cluster node would be much better than paging to disks.

We are thinking about some way to either bypass disks to the upper level distributed OS for complicated disk I/O handling or try to virtualize disks in some way to better support parallel I/O and disk sharing. 

5.  Status

We are still not in a decent stage to think much about the overall integration issues, the only thing we can do at this point is to keep the integration issues in mind to avoid potential conflicts in the component designs. 
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Figure 1. VMs for Cluster Computing











