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HYPER-THREADING TECHNOLOGY


INTRODUCTION



The amazing growth of the Internet and telecommunications is powered by ever-faster systems demanding increasingly higher levels of processor performance. To keep up with this demand we cannot rely entirely on traditional approaches to processor design. Microarchitecture techniques used to achieve past processor performance improvement – super-pipelining, branch prediction, super-scalar execution, out-of-order execution, caches – have made microprocessors increasingly more complex, have more transistors, and consume more power. In fact, transistor counts and power are increasing at rates greater than processor performance. Processor architects are therefore looking for ways to improve performance at a greater rate than transistor counts and power dissipation. Intel's Hyper-Threading Technology is one solution.
TRADITIONAL APPROACHES FOR PROCESSOR DESIGN


Traditional approaches to processor design have focused on higher clock speeds, instruction-level parallelism (ILP), and caches. Techniques to achieve higher clock speeds involve pipelining the microarchitecture to finer granularities, also called super-pipelining. Higher clock frequencies can greatly improve performance by increasing the number of instructions that can be executed each second. Because there will be far more instructions in-flight in a super-pipelined microarchitecture, handling of events that disrupt the pipeline, e.g., cache misses, interrupts and branch mispredictions, can be costly.


ILP refers to techniques to increase the number of instructions executed each clock cycle. For example, a super-scalar processor has multiple parallel execution units that can process instructions simultaneously. With super-scalar execution, several instructions can be executed each clock cycle. However, with simple in-order execution, it is not enough to simply have multiple execution units. The challenge is to find enough instructions to execute. One technique is out-of-order execution where a large window of instructions is simultaneously evaluated and sent to execution units, based on instruction dependencies rather than program order.


Accesses to DRAM memory are slow compared to execution speeds of the processor. One technique to reduce this latency is to add fast caches close to the processor. Caches can provide fast memory access to frequently accessed data or instructions. However, caches can only be fast when they are small. For this reason, processors often are designed with a cache hierarchy in which fast, small caches are located and operated at access latencies very close to that of the processor core, and progressively larger caches, which handle less frequently accessed data or instructions, are implemented with longer access latencies. However, there will always be times when the data needed will not be in any processor cache. Handling such cache misses requires accessing memory, and the processor is likely to quickly run out of instructions to execute before stalling on the cache miss.



The vast majority of techniques to improve processor performance from one generation to the next is complex and often adds significant die-size and power costs. These techniques increase performance but not with 100% efficiency; i.e., doubling the number of execution units in a processor does not double the performance of the processor, due to limited parallelism in instruction flows. Similarly, simply doubling the clock rate does not double the performance due to the number of processor cycles lost to branch mispredictions. 




Figure 1 shows the relative increase in performance and the costs, such as die size and power, over the last ten years on Intel processors in order to isolate the microarchitecture impact, this comparison assumes that the four generations of processors are on the same silicon process technology and that the speed-ups are normalized to the performance of an Intel486TM processor. Although we use Intel's processor history in this example, other high-performance processor manufacturers during this time period would have similar trends. Intel's processor performance, due to microarchitecture advances alone, has improved integer performance five- or six-fold1. Most integer applications have limited ILP and the instruction flow can be hard to predict. 


Over the same period, the relative die size has gone up fifteen-fold, a three-times-higher rate than the gains in integer performance. Fortunately, advances in silicon process technology allow more transistors to be packed into a given amount of die area so that the actual measured die size of each generation microarchitecture has not increased significantly.



The relative power increased almost eighteen-fold during this period. Fortunately, there exist a number of known techniques to significantly reduce power consumption on processors and there is much on-going research in this area. However, current processor power dissipation is at the limit of what can be easily dealt with in desktop platforms and we must put greater emphasis on improving performance in conjunction with new technology, specifically to control power.

THREAD-LEVEL PARALLELISM


A look at today's software trends reveals that server applications consist of multiple threads or processes that can be executed in parallel. On-line transaction processing and Web services have an abundance of software threads that can be executed simultaneously for faster performance. Even desktop applications are becoming increasingly parallel. Intel architects have been trying to leverage this so-called thread-level parallelism (TLP) to gain a better performance vs. transistor count and power ratio.


In both the high-end and mid-range server markets, multiprocessors have been commonly used to get more performance from the system. By adding more processors, applications potentially get substantial performance improvement by executing multiple threads on multiple processors at the same time. These threads might be from the same application, from different applications running simultaneously, from operating system services, or from operating system threads doing background maintenance. Multiprocessor systems have been used for many years, and high-end programmers are familiar with the techniques to exploit multiprocessors for higher performance levels.


In recent years a number of other techniques to further exploit TLP have been discussed and some products have been announced. One of these techniques is chip multiprocessing (CMP), where two processors are put on a single die. The two processors each have a full set of execution and architectural resources. The processors may or may not share a large on-chip cache. CMP is largely orthogonal to conventional multiprocessor systems, as you can have multiple CMP processors in a multiprocessor configuration. Recently announced processors incorporate two processors on each die. However, a CMP chip is significantly larger than the size of a single-core chip and therefore more expensive to manufacture; moreover, it does not begin to address the die size and power considerations.


Another approach is to allow a single processor to execute multiple threads by switching between them. Time-slice multithreading is where the processor switches between software threads after a fixed time period. Time-slice multithreading can result in wasted execution slots but can effectively minimize the effects of long latencies to memory. Switch-on-event multi-threading would switch threads on long latency events such as cache misses. This approach can work well for server applications that have large numbers of cache misses and where the two threads are executing similar tasks. However, both the time-slice and the switch-on-event multi-threading techniques do not achieve optimal overlap of many sources of inefficient resource usage, such as branch mispredictions, instruction dependencies, etc.


Finally, there is simultaneous multi-threading, where multiple threads can execute on a single processor without switching. The threads execute simultaneously and make much better use of the resources. This approach makes the most effective use of processor resources: it maximizes the performance vs. transistor count and power consumption.


Hyper-Threading Technology brings the simultaneous multi-threading approach to the Intel architecture. In this paper we discuss the architecture and the first implementation of Hyper-Threading Technology on the Intel® XeonTM processor family.

OVERVIEW OF HYPER-THREADING TECHNOLOGY


Hyper-Threading Technology is a form of simultaneous multithreading technology (SMT), where multiple threads of software applications can be run simultaneously on one processor. This is achieved by duplicating the architectural state on each processor, while sharing one set of processor execution resources. The architectural state tracks the flow of a program or thread, and the execution resources are the units on the processor that do the work: add, multiply, load, etc.


 Let’s use a manufacturing plant as an analogy of a processor.  In a traditional manufacturing plant there are multiple assembly lines (execution resources) and one supervisor (architectural state) that keeps track of orders (threads) and keeps them moving through the plant. Our supervisor can keep the assembly lines within the plant working in parallel, but if he/she has to wait for a part, an assembly line may slow down while waiting for the part as well. In the case of a processor, an execution unit may have to wait for data from disk.



With Hyper-Threading Technology, each manufacturing plant is enabled to have two supervisors (or two architectural states).  They share the same common set of assembly lines within the plant. When one of the supervisors is waiting for a part to be delivered, the other supervisor can make use of the assembly lines – resulting in a more efficient, higher performing manufacturing plant. Now the plant can turn out more goods per hour since the assembly lines are running and being utilized more often. There was no need to add assembly line resources; we’re just using them more effectively.
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Figure 2 : A multiprocessor (MP) -  based system with HyperThreadingTechnology  duplicates the architectural state on each physical processor, providing two “logical” processors per physical processor.



In Figure 2, the left-hand configuration represents a traditional multi-processor (MP)-based system with two discrete physical processors. Each processor has its own set of processor execution resources and its own single architectural state. The right-hand configuration in Figure 2 represents an Intel Xeon processor family-based multi-processor system where each processor features Hyper-Threading Technology. As you can see, the architectural state for each processor is duplicated, but each still has one set of execution resources.



When scheduling threads, the operating system treats the two separate architectural states as two separate “logical” processors. Multi-processor-capable software applications  can run unmodified with twice as many logical processors to use. Each logical processor can respond to interrupts independently. The first logical processor can track one software thread, while the second logical processor can track another software thread simultaneously. Because the two threads share one set of execution resources, the second thread can use resources that would be otherwise idle if only one thread was executing. The result is an increased utilization of the execution resources within each physical processor package.



This improvement in CPU resource utilization yields higher processing throughput for multithreaded applications. For example, one logical processor can execute a floating-point operation while the other logical processor executes an addition and a load operation. Hyper-Threading Technology is complementary to MP-based systems because the operating system can not only schedule separate threads to execute on each physical processor simultaneously, but on each logical processor simultaneously as well. This improves overall performance and system response because many parallel threads can be dispatched sooner due to twice as many logical processors being available to the system. Even though there are twice as many logical processors available, they are still sharing one set of execution resources. So the performance benefit of another physical processor with its own set of dedicated execution resources will typically offer greater performance levels. In other words, Hyper-Threading Technology is complementary to multi-processing by offering greater parallelism within each processor in the system, but is not a replacement for dual or multi-processing.

RESOURCE UTILIZATION


To understand how Hyper-Threading Technology improves resource utilization, let’s look at an MP-based system containing two traditional superscalar processors that can each execute three instructions every cycle and is running two separate threads. As shown in Figure 3A, each box within each processor represents an execution unit. Each set of three horizontal boxes within each processor shows how the three execution units are being used during a given clock cycle. If a box is white, that execution unit is idle during the given clock cycle (e.g., if one box is white during a clock cycle, then one-third of the resources are idle and two-thirds of the resources are utilized during that clock cycle). The vertical sets indicate the utilization of the three execution units over time (during multiple clock cycles). The more white boxes, the less efficient the utilization of execution resources. Sometimes all the execution resources within a processor are being used, and sometimes there are idle resources that are waiting due to things like cache misses, branch mispredictions or instruction dependencies for each thread.
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Figure: 3 This figure is the demonstration of the concepts underlying hyper-threading technology and does not attempt to show the resource utilization patterns of any existing processor or software application.



Figure 3B shows the result of Hyper-Threading Technology with the two processors now running two separate threads simultaneously within each processor. It is easy to see that we are now using the execution units more often and reducing idle time on each processor. Resource utilization within each processor can increase significantly, but it is dependent on how each application is designed to use threading and the resources within the processor. If an application is multithreaded in such a way that different threads can use different resources in parallel (such as scheduling integer computation-intensive work on one logical processor while running floating-point computations on the other), then throughput can increase significantly within each processor and for the entire MP-based system.
Microarchitectural Details


Figure 4 shows a high-level block diagram of the Intel XeonTM processor family for servers.
[image: image3.png]Intel” Xeon™Processor Family Details

Architectural State

Architectural State.

Fetch and

Engine.

Daliver —

Rapid
Exec
Engine.

Reorder
—_— and
Ratire

{

!

Integrated Gache Subsystam
Lavel1: Exacution Traca Cachs and Data Cache
Lavel 2 Advancsd Transfer Cacha (512KE)
Loval 3 Integrated Threo-Lovel Casho (2MB or 1MB - el Xeon prosessor MP only)

¢

‘System Bus (400 MHz for Itel Xeon procossor MP; 533 MHz for ntol Xeon procsssor)

Figure 3: Hiviel ik dagiam of the el Xecr processer amly (o Sorvers v fns
e various piecas of the microarhitectura relate 1o gach ofhar vith Hyper-Thraading Technalogy.





Figure : 4 High-level block diagram of  Intel XeonTM processor family for servers shows how the various pieces of the various microarchitectural relate to each other with hyper-threading technology.


The first implementation of Hyper-Threading Technology is being made available on the Intel® XeonTM processor family for dual and multiprocessor servers, with two logical processors per physical processor. By more efficiently using existing processor resources, the Intel Xeon processor family can significantly improve performance at virtually the same system cost. This implementation of Hyper-Threading Technology added less than 5% to the relative chip size and maximum power requirements, but can provide performance benefits much greater than that.


Each logical processor maintains a complete set of the architecture state. The architecture state consists of registers including the general-purpose registers, the control registers, the advanced programmable interrupt controller (APIC) registers, and some machine state registers. From a software perspective, once the architecture state is duplicated, the processor appears to be two processors. The number of transistors to store the architecture state is an extremely small fraction of the total. Logical processors share nearly all other resources on the physical processor, such as caches, execution units, branch predictors, control logic, and buses. 


Each logical processor has its own interrupt controller or APIC. Interrupts sent to a specific logical processor are handled only by that logical processor.


With Hyper-Threading Technology, the execution resources on the Intel Xeon processor family are shared by two architectural states, or two logical processors. The majority of the execution resources are in the Rapid Execution Engine and Integrated Cache Subsystem, which process instructions from both threads simultaneously. The Fetch and Deliver engine and Reorder and Retire block partition some of the resources to alternate between the two threads.

Fetch and Deliver Engine


The Fetch and Deliver engine alternates between fetching instructions from one logical processor and the other, and sends these instructions to the Rapid Execution Engine for processing. At the Level 1 Execution Trace Cache, one line is fetched for one logical processor, and then one line is fetched for the other logical processor. This continues, alternating back and forth, as long as both logical processors need to use the Execution Trace Cache. If one logical processor is not requesting use of the cache, then the other logical processor can use the full bandwidth of the Execution Trace Cache.

Rapid Execution Engine



At the Rapid Execution Engine, both logical processors execute simultaneously. The Rapid Execution Engine takes instructions from the instruction queues and sends them to the execution units as fast as it can. The instructions are selected based only on dependencies and availability of execution units. The instructions may be selected out-of order, meaning that later instructions that are independent can be scheduled before earlier instructions. The execution core is for the most part oblivious to what instructions belong to which logical processor, and the schedulers do not distinguish between instructions of different logical processors. The schedulers simply map independent instructions in the instruction queues to available execution resources. For example, a scheduler may map two instructions from thread #1, and one instruction from thread #2 in the same cycle.

Integrated Cache Subsystem



The Integrated Cache Subsystem delivers data and instructions to the processor core at a high speed with larger cache lines than previous-generation processors. Because the Integrated Cache Subsystem is clocked at the same rate as the processor core, as faster processors are released, the cache speed can increase correspondingly providing high-speed access to key data. The larger cache line sizes also decrease average cache misses.


A large (up to 2MB), Integrated Three-Level cache is available only on the Intel Xeon processor MP for 4-way and above server platforms. This additional cache space is available for larger instruction and data sets, and significantly reduces the average memory latency, which improves performance for mid-range and high-end server applications.



The caches are shared by both logical processors and are designed to minimize potential cache conflicts through a high level of set-associativity, which helps ensure data is well-retained in the caches. The shared caches also provide the potential for super-linear speedups for some applications, where one logical processor may be able to prefetch instructions or data into the cache for the other logical processor, so that the other logical processor does not have to go to the system bus and fetch the instructions or data again from system memory.

Reorder and Retire Block



The Reorder and Retire block takes all the instructions that were executing out-of-order, and puts them back into program order, then commits the state of those instructions in program order. Instruction retirement alternates between logical processors. Instructions are alternately retired for one logical processor, then the other.

System Bus



The System Bus is designed to increase the throughput of multi-processing and multithreaded server applications and provide the necessary bandwidth for Hyper-Threading Technology when accessing system memory. It uses signaling and buffering schemes that allow for sustained data transfers. When one of the logical processors cannot find the data it needs in the Integrated Cache Subsystem, then the data must be transferred over the system bus from memory. 


In systems with four or more processors, the system bus runs at 400 MHz and provides up to 3.2 GB/s bandwidth, which can be up to four times the previous-generation MP-based processor. For dual-processor (DP)-based server applications, which typically are not as data intensive or cache hungry and derive a greater benefit from increased frequency and I/O, the system bus now runs at 533 MHz. This provides up to 4.27 GB/s bandwidth, over four times that of earlier generations of DP-based processors.

HOW SERVER PLATFORMS USE HYPER-THREADING TECHNOLOGY


Server platforms based on the Intel Xeon processor family have implemented the necessary changes in the platform BIOS in order to recognize the logical processors so that the operating system and software can utilize Hyper-Threading Technology.



Figure 5 depicts a high-level block diagram of platform components. Within each Intel Xeon processor in the system, the two logical processors appear to the BIOS and multi-processor-aware operating system (OS) as processors available to the system and software applications. During the MP-based system initialization process (also called system boot), the BIOS counts and records the number of logical processors available in the system. The BIOS records only the first logical processor on each physical processor into the MPS (Multi-processor Specification) table to preserve backward compatibility with legacy operating systems. These legacy operating systems will use the MPS table only, and will not recognize the second logical processor on each physical processor. They will work as if Hyper-Threading Technology is not there.
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Figure : 5 Platform components of Intel XeonTM processor family for severs include the processor and other system hardware components,BIOS, operating system and software applications.


The BIOS then records two logical processors for each physical processor into the ACPI (Advanced Configuration and Power Interface) table. Operating systems that use ACPI table can then proceed to schedule threads onto logical processors that the software license allows the system to use. The BIOS and OS may report only the number of logical processors available in the system. Platform management software can typically be used to determine the number of physical processors available in the system.



Multi-processor-aware operating systems can use the same methods that they use today to schedule threads on MP-based systems. Figure 6 illustrates how the OS schedules the threads to the logical processors.



The Intel Xeon processor family with Hyper-Threading Technology is fully backward compatible with existing operating systems and applications. That is, legacy multiprocessor- aware operating systems can run unmodified on Intel Xeon processor-based platforms. Some of these legacy operating systems (such as Windows NT*) may not recognize the second logical processor and may not take advantage of Hyper-Threading Technology, but are compatible with the Intel Xeon processor family and will run unchanged. Today’s current operating systems (such as versions of Windows* 2000 Server, Linux* and Novell NetWare*) can recognize two logical processors and can utilize Hyper-Threading Technology, depending on OS license configurations . Many of the newer operating systems, either released or soon to be released (such as versions of Microsoft Windows*.NET Server, Microsoft Windows XP* Professional, and certain distribution versions of Linux such as Red Hat 2.4*), include further optimizations for Hyper- Threading Technology. These newer operating systems can distinguish fully between physical and logical processors, allowing them to offer improvements in scheduling and idle loops in order to realize optimal performance gains. Moreover, in these operating systems Hyper-Threading Technology enabled processors are recognized as single physical processors for licensing purposes (e.g. a four-way, Hyper-Threading Technology enabled server is recorded and licensed as four processors, not eight logical processors).
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Figure : 6 The operating system schedules threads on the two logical processors, alternating back and forth as threads complete.
HOW SOFTWARE TAKES ADVANTAGE OF HYPER-THREADING TECHNOLOGY


Today’s server software is multithreaded and can take advantage of Hyper-Threading Technology without changes. The software application uses the operating system to schedule threads across the multiple logical processors available in the system, much like it does on traditional MP-based systems. It’s the system BIOS and operating system that determine which logical processors are available for use. When considering Hyper-Threading Technology and its logical processors, software vendors that use preprocessor license models should continue to base their models on physical processor count. 


Applications that exhibit good threading methods and scale well on MP-based servers today are likely to take advantage of Hyper-Threading Technology. The performance increase seen is highly dependent on the nature of the application, the threading model it uses, as well as system dependencies. It has been shown that some server applications can experience up to 30 percent additional performance due to Hyper-Threading Technology in the Intel Xeon processor family implementation.
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Figure : 7 Performance gains attributed to hyper- threading technology on a dual processor (DP) based system.


Figure 7 represents an example of additional performance offered by Hyper-Threading Technology in a multi-processing environment. Let’s start with base performance on one traditional processor in a DP-based system. With Hyper- Threading Technology enabled, performance on multithreaded applications on the first processor can see an increase. If we added a second physical processor to the traditional dual-processing system, we see that performance can increase above the level obtained using Hyper- Threading Technology on the first processor. Performance gains attributed to additional physical processors are typically greater because you have more dedicated processor execution resources to use (this has been shown to be as much as 80 percent in some cases). If we were to add a second physical processor with Hyper-Threading Technology enabled, we can see an additional performance gain on top of the traditional dual-processor performance. Similar to traditional dual-processor and multi-processor performance scaling results, the performance increase realized from Hyper-Threading Technology is highly dependent on the nature of the application, the threading model it uses, as well as system dependencies.



Hyper-Threading Technology complements the scalability offered in a traditional multi-processing environment offering higher levels of performance headroom. With parallelism and threading becoming more prevalent, server applications are expected to be further optimized for Hyper-Threading Technology and the Intel NetBurst microarchitecture to yield optimal levels of performance going forward. 

BUSINESS BENEFITS OF HYPER-THREADING TECHNOLOGY


Hyper-Threading Technology can result in many benefits to e-Business and the enterprise:

· Improved reaction and response times for end-users and customers

· Increased number of users that a server system can support

· Handle increased server workloads

· Higher transaction rates for e-Businesses

· Greater end-user and business productivity

· Compatibility with existing server applications and operating systems

· Headroom to take advantage of enhancements offered by future software releases

· Headroom for future business growth and new solution capabilities



Solutions that run on both dual-processing and multiprocessing servers can see benefits from the Intel Xeon processor family with Hyper-Threading Technology.



Dual-processing servers based on the Intel Xeon processor deliver compute power at unparalleled value and versatility for departmental servers, Internet infrastructure (for example, Web-caching, streaming media, search engine and security), mail server and Small & Medium Business (SMB) server applications. The combination of the Intel NetBurst microarchitecture and Hyper-Threading Technology provides outstanding performance and headroom for peak Internet server workloads, resulting in faster response times and support for more users.



Multi-processing servers (4 processors and greater) based on the Intel Xeon processor MP provide industry-leading compute power and throughput for critical e-Business and enterprise server workloads; such as customer relationship management, supply chain management, middleware and application servers, collaboration/e-mail, media servers, site server management, enterprise databases, and business intelligence. The combination of the Intel NetBurst microarchitecture, Hyper-Threading Technology, and the additional Integrated Three-Level Cache delivers outstanding throughput and headroom for larger server workloads, resulting in increased transaction rates, faster response times, support for more users, and improved availability and scalability for your e-Business and enterprise.


CONCLUSION



Intel's Hyper-Threading Technology brings the concept of simultaneous multi-threading to the Intel Architecture. This is a significant new technology direction for Intel's future processors. It will become increasingly important going forward as it adds a new technique for obtaining additional performance for lower transistor and power costs.



The first implementation of Hyper-Threading Technology was done on the Intel® XeonTM processor MP. In this implementation there are two logical processors on each physical processor. The logical processors have their own independent architecture state, but they share nearly all the physical execution and hardware resources of the processor. The goal was to implement the technology at minimum cost while ensuring forward progress on logical processors, even if the other is stalled, and to deliver full performance even when there is only one active logical processor. These goals were achieved through efficient logical processor selection algorithms and the creative partitioning and recombining algorithms of many key resources.


Measured performance on the Intel Xeon processor MP with Hyper-Threading Technology shows performance gains of up to 30% on common server application benchmarks for this technology. The potential for Hyper-Threading Technology is tremendous; our current implementation has only just begun to tap into this potential. Hyper-Threading Technology is expected to be viable from mobile processors to servers; its introduction into market segments other than servers is only gated by the availability and prevalence of threaded applications and workloads in those markets.
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ABSTRACT



Hyper-Threading Technology is a groundbreaking innovation from Intel that enables multithreaded server software applications to execute threads in parallel within each processor in a server platform. Hyper-Threading Technology provides thread-level-parallelism (TLP) on each processor resulting in increased utilization of processor execution resources. The Intel® XeonTM processor family uses Hyper-Threading Technology, along with the Intel® NetBurstTM microarchitecture, to increase compute power and throughput for today’s Internet, e-Business, and enterprise server applications. This level of threading technology has never been seen before in a general-purpose microprocessor.  Hyper-Threading Technology helps increase transaction rates, reduces end-user response times, and enhances business productivity providing a competitive edge to e-Businesses and the enterprise. 

This paper explains how Hyper-Threading  Technology  works  within the processor, and describes how server platforms, operating systems and server applications take advantage  it. While this focuses exclusively on servers, Hyper-Threading Technology is not  restricted to servers. Intel has also introduced Hyper-Threading Technology into 

workstations, business desktops and consumer desktops.
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