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ABSTRACT

Performance Tradeoffs in Multistreamed Superscalar Architectures

by

Mauricio Jose Serrano

Superscalar processors employ multiple functional unit designs that can dispatch several

instructions every cycle. Two factors limiting the number of instructions dispatched per

cycle are: 1) the number of functional units available (hardware), and 2) the amount of

parallelism in the workload (software).  While the number of functional units determines the

peak throughput of a processor, the instruction-level parallelism determines the actual

performance obtained. Data dependencies and control breaks constrain instruction-level

parallelism resulting in a sustained system performance that is well below the peak.

The ability to execute simultaneously multiple instruction streams, referred to as

multistreaming, significantly increases the number of independent instructions that can be

issued in a cycle. A multistreamed, superscalar processor can dispatch instructions from

multiple streams simultaneously. Each stream context is stored internally. The processor

adjust the scheduling policy as the workload changes to maximize throughput.

This dissertation explores a methodology for the design of a distributed multistreamed-

superscalar processor that addresses instruction issue, implementation of precise interrupts,

speculative execution, scheduling, and cache sharing. One of the goals of the design of a

processor architecture is to minimize the number of global interconnections and reduce the

need for clock synchronization. Variants in the design are possible because of tradeoffs that

can be done in the design. We explore several problems present in multistreamed

architectures and discuss possible solutions.

We present an analytic model to estimate the overall performance of multistreamed

architectures. The model uses simple workload and architectural descriptions that are

obtained using commonly available tools. The model produces instructions executed per

cycle (IPC) as the number of streams is varied.
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1   Introduction

As existing computing systems increase in computational power, there is an increasing

demand for still higher computational power. Computer architects are continuously

challenged by the desire for higher computational power, accommodating the existing

implementation technology.

Advances in VLSI and compilers supported the development of RISC (Reduced

Instruction Set Computers) which execute most instructions in one cycle. The primary

advantage comes from a reduction of control logic.  Simple control reduces the clock cycle

time because the processor can be simplified and easily pipelined.  RISC designs employ

less chip area in control logic and more in bigger register files to reduce the memory traffic.

Approaches to obtaining higher performance from applications include executing several

instructions simultaneously or using several processors to execute a task in a multiprocessor

system.  We classify parallelism in a multiprocessor system into coarse-grain (task-level),

medium-grain (thread-level), and fine-grain (instruction-level).

Multiprocessor systems employ task-level parallelism. Tasks execute concurrently in

several processors. Tasks communicate using communication primitives provided by the

hardware.  At present, the most popular scheme used in multiprocessors is the shared

memory paradigm.  The reason is that parallel algorithms are expressed in a clean way when

the algorithm assumes that the data can be accessed by all the processors.  Memory is

usually distributed among the processors, with each processor owning a piece of the global

shared memory space, as in the DASH prototype [leno92]. This means that while local

accesses take few cycles, many remote accesses may take hundreds of cycles.

Present day multiprocessor systems do not achieve high processor utilization because of

network contentions, memory latency, and synchronization overhead.  These problems limit

the number of applications that run efficiently in a multiprocessor.  If there is a way to

increase the utilization of processors, simpler multiprocessor systems achieving the same

level of performance could be implemented.

Asynchronous dataflow machines employ fine-grain parallelism.  Programs execute in a

data-driven manner to exploit all the potential parallelism.  However, a parallel program
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performs more work than a sequential one for the same problem because of the generation

and synchronization of parallel activities.  There is a high overhead in dataflow execution,

directly attributable to asynchronous parallel execution [arvi88].

Thread-level parallelism is a compromise solution between dataflow execution and

traditional von Neumann architectures. Several authors [cull92,nikh92] proposed

compilation models to allow additional instruction sequencing constraints, making explicit

the notion of thread. Unlike processes, threads are short lived; their life is between a few

instructions to hundreds of instructions.  Thus, the parallelism granularity of threads is

coarser than in dataflow machines; there is no need for synchronization at the instruction

level.  Since the synchronization constraints are far fewer than in dataflow machines,

conventional processors can exploit threads [cull92].  Thread parallelism is finer than task-

parallelism.  For example, many threads could exist in the same protection domain;

therefore, thread switching does not need a costly context switching. The Threaded-Abstract-

Model (TAM) [cull91] is a recent work in thread parallelism.

Conventional processors (von Neumann) use pipelining of resources to achieve high

performance. However, hazards caused by data and control dependencies result in pipeline

stalls or idle periods when new instructions cannot be issued. If a source register of an

instruction is the same as the target register of a previous instruction, a true data dependency

exists (RAW: Read-after-Write).  Other data dependencies include anti-dependencies (WAR:

Write-after-Read) and output-dependencies (WAW: Write-after-Write) [henn90].

Whenever a data dependency occurs, the dependent instruction cannot issue until the

resolving instruction finishes execution.  A conditional branch causes a control dependency

if the branch depends on an operand produced by an instruction executing in the pipeline.

Instructions following the branch stall until the condition is resolved.  High latency in

memory operations also causes idle cycles in the processor. Studies in shared memory

systems show processor efficiency as low as 30% for some applications [webe89].

Today, most processors use multiple issue to achieve high performance.  In a superscalar

processor, dynamic instruction scheduling is an essential part of the processor. If out-of-

order issue is allowed, dependent instructions do not block the flow of all subsequent

instructions. The dynamic instruction scheduler checks data dependencies at run-time and

issues instructions that are free of data dependencies regardless of program order.

Steady advances in circuit technology have decreased cycle times but have not improved

performance at the rate demanded by advanced applications.  At present, most of the
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processors designed can issue more than one instruction per cycle.  However, there are two

factors that limit the number of instructions executed in a cycle.  One is the number of

functional units available (hardware) and the other is the amount of parallelism in the

workload (software).  While the number of functional units determines the peak throughput

of a processor, the level of instruction-level parallelism limits the actual performance

obtained.  Data dependencies and control breaks constrain instruction-level parallelism

resulting in a sustained system performance that is well below the peak.

Combining hardware and compiler techniques can increase the level of parallelism.

Some of the hardware techniques that increase parallelism by reducing hazards are register

renaming, out of order execution, branch prediction, and speculative execution.  On the

compiler side, loop unfolding and instruction reordering are some of the techniques

employed [henn90].  However, the true data dependencies determine the upper bound to the

performance.  Satisfying this upper bound requires many resources resulting in poor resource

utilization for most applications. As the number of functional units increases within

processors, it is unlikely that a single stream can produce enough parallelism to effectively

exploit additional resources.

The instruction-level parallelism of many programs is not evenly distributed over time.

Programs have sections that can produce high parallelism exploitable with an adequate

configuration.  However, the serial sections of a program exhibit low performance with the

corresponding poor resource utilization for the periods of low issue.

The ability to execute multiple instruction streams simultaneously, referred to as

multistreaming , significantly increases the number of independent instructions issued per

cycle.  A multistreamed computer is a multithreaded computer that sustains several

instruction streams simultaneously. A multistreamed, superscalar processor can dispatch

instructions from multiple streams simultaneously (i.e., in the same cycle).  By storing each

stream context internally, the scheduler can select independent instructions from all active

streams and dispatch the maximum number of instructions on every cycle.  A dynamically

interleaved processor adjusts the scheduling policy as the workload changes to maximize

throughput.  For example, the sequencer schedules instructions from a given stream using a

priority scheme and, when the selected stream is not ready, its slot is dynamically reallocated

to the ready ones.  If the active streams are independent, then the total number of instructions

dispatched per cycle will increase as the number of active streams increases.
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The number of transistors contained on a single chip has increased with the advance of

microelectronics technology. We see single chip processors that contain several million

transistors.  It is expected that a single chip can integrate several processors.  In particular, it

seems attractive to have a multithreaded, multistreamed processor integrated into a chip.

As device dimensions scale down, interconnections become a major concern in high-

performance integrated circuits because the capacitance and resistance of wires increase

rapidly as chip size grows larger and minimum feature size is reduced [bako90]. Gate delays

decrease with the reduction in the feature size.  Local interconnections do not pose a serious

performance problem because of their short lengths.  The problem is that the delay of a

global interconnection (such as those extending from corner to corner on a die) increases in

comparison to a gate delay. Rising wire resistance not only degrades the signal propagation

delay but also makes designing a good power distribution network very difficult. For

example, in larger submicron CMOS chips, a 1 cm long aluminum interconnection in a

submicron technology could have a distributed time delay constant of 10 ns, which is much

larger than the sub-nanosecond gate delays. Obviously, measures must be taken to avoid

such large distributed RC delays.

Long interconnection delays have implications on the architecture design of a processor.

The architecture should minimize the number of global interconnections. Architecture

modularity should emphasize keeping most interconnections local to reduce global

interconnection.  In some cases, it is better to replicate simple hardware modules rather than

sharing the module. For example,  some designs use the integer unit to compute the effective

address for a memory operation as well as for normal ALU operations.  To minimize the

communication of the two unit types, the load/store unit could contain an additional adder.

Integrating a multistreamed processor on a single chip provides better utilization of the

processor hardware by fine grain hardware sharing.  Hardware utilization increases by

sharing several functional units among several independent instruction streams.  The context

state storage such as the PC, the register file, and the control registers cannot be shared, but

any operational functional blocks such as the instruction decoder, ALU, FPU, and the bus

interface can be shared. However, shared resources incurs extra overhead cost for scheduling

and contention, so an optimal configuration of the hardware needs a detailed cost-area-

performance analysis. For example, Table 1.1 shows area measurements for the i860

processor chip [kowa89].  If we were to build a multistreamed processor from this area

estimation, most of the advantage would come from sharing the floating point unit and the
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cache, since the overhead of sharing could be less than the cost of duplicating these

functional blocks; also cache coherence can be maintained more easily if the cache is shared.

Each stream could have at least one private integer unit, since they do not occupy much area.

We should also concentrate on minimizing the global wires to maximize clock speed. The

interface to the external world (bus) is a good candidate for sharing, since it takes a

significant area and development cost.

Function block Area
Floating point unit 26 %
Cache 26 %
Bus drivers and receivers 22 %
Global wires 9.1 %
Integer Unit 8.6 %
Others 8.3 %

Table 1.1.   Area percentages of the i860 chip.

Finally, some recommendations. In developing a new processor, the design time and

simplicity are regarded as significantly more important than the optimal design under given

constraints. As design automation progresses and circuit-level or layout-level libraries for

functional blocks are accumulated, more attention will be shifted from the design simplicity

with reasonable performance to the most optimal design [park91]. Factors to consider are the

silicon area and power consumption of the chip. Since silicon area can be traded for speed

and the power consumption of a functional block is usually proportional to the silicon area,

the silicon area is a good first-order cost function considered in previous studies [park91].

This dissertation concentrates on the hardware support to obtain high-performance from

multithreaded parallelism.  Chapter 2 discusses the architectural principles needed to build a

high-performance multistreamed architecture.  Chapter 3 presents a performance evaluation

tool used for a preliminary study of the architecture.  Chapter 4 introduces an analytic model

using a combination of simulation and analysis to predict performance.  Chapter 5 discusses

the problems of sharing functional units, cache, scheduler hardware; it presents a solution

that contemplates interrelated aspects such as precise interrupts, branch speculation,

technology issues, and multiple instruction issue from several streams. Finally, Chapter 6

presents the conclusions and the recommendations for future work•
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2   Dynamic Superscalar Multistreamed Architectures

This chapter explains the basic concepts of dynamic superscalar multistreamed architectures.

Superscalar processors can issue more than one instruction per cycle. Multistreamed

superscalar processors can dispatch instructions from multiple streams in the same cycle.

A Dynamic Superscalar Multistreamed Processor is a multistreamed, superscalar

processor that adjusts the scheduling policy as the workload changes to maximize

throughput.  The processor can run in single or multiple stream mode, according to the

number of threads active. When a single stream is running, the processor executes as many

instructions as dependencies and the configuration allow. As the number of streams

increases, the issue scheme changes to accommodate instructions from several streams at the

same time.

2.1 Background

2.1.1 Multithreaded Architectures

A multithreaded processor allows several threads to run on a single processor.  In a

multithreaded architecture, each physical processor supports some number of instruction

streams or threads, each of which is programmed essentially like a traditional sequential

processor.  A thread can be defined as a light-weight process, with a life span ranging from a

few to thousands of instructions.

Multithreaded computation models have been proposed for very diverse architectures,

from conventional processors with software-supported multithreaded to specialized

architectures with total hardware support [cull91].  To understand the differences between

the different forms of architectural support for multithreading, we classify them in two major

categories: coarse-grain, and fine-grain.

Coarse-grain (blocked) multithreading switches a thread out of the processor if a long-

latency memory or synchronization operation is issued [hals88,nikh92].  Another thread is

context-switched in while the long-latency operation executes, so the processor does not go
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unused for that time.  For this scheme to be useful, the latency of context switching must be

less than the latency of the operation.

Fine-grain (interleaved) multithreading interleaves cycle-by-cycle instructions from

different threads.  The processor supports several streams in hardware; a set of running

threads may use a hardware stream.  Multithreading based on multistreaming reduces the

hazards in a processor by simultaneously scheduling instructions from independent streams.

This increases the issue rate and the utilization of resources. A multithreaded processor can

also reduce the idle time caused by long memory latencies by scheduling alternate threads

while the memory operation is being performed, without performing costly context-

switching.  On the other hand, this scheme relies on maintenance of simultaneous contexts

(streams). This leads inevitably to a large number of registers to sustain these contexts.  The

overhead introduced may reduce the maximum achievable clock rate; however, a careful

design can reduce this effect.

An example of fine-grain multithreading is instruction interleaving in a pipeline. A

pipeline is interleaved if an instruction from a different instruction stream enters the pipe at

every cycle, and there are at least as many instruction streams as pipe stages.  Pipeline cycles

are not wasted when a stream starts a memory operation because other streams can take

advantage of those cycles.  Instruction interleaving was introduced in the peripheral

processor of the CDC6600 [thor64] to hide high latency memory operations.  Ten processes

were interleaved in a cyclic way in the pipeline and the instruction cycle time was equal to

the memory access time.  This scheme also eliminates hazards from pipeline execution by

interleaving independent instructions from different streams.

It is important to distinguish the ideas of thread  and stream .  Thread relates to software,

while instruction stream (IS) relates to hardware.  IS refers to the hardware support required

to sustain  software threads that share many resources, such as the stream's register file.  In

other words, for a thread to become active, a IS must accept it.  We say that a thread  is

allocated to a processor stream .  In this context, interleaved multithreading requires support

for several ISs, blocked multithreading supports only one IS, and both may support multiple

threads in software.  In any case, the number of ISs implemented is less than or equal to the

number of threads.

Multistreamed machines employ different scheduling schemes. The Denelcor HEP

computer [smit81] interleaves several streams using static scheduling.  The HEP pipeline

multiplexes eight streams; thus, each stream has a fixed 1/8 slot partition of the processor.
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This leads to waste of throughput when a stream cannot make use of its time.  Dynamic

scheduling assigns time to each stream according to a static partition, but the time can be

reassigned to active streams if a stream does not make use of its time [nemi90,pras91].

Thus, the scheduler dynamically reallocates time when a thread blocks.

Figure 2.1 illustrates the coarse-grain (blocked) and fine-grain (static and dynamic)

multithreading schemes on a single-issue processor; we use two streams in our example.  We

assume that a single thread runs on a single stream.  The example assumes a context switch

cost of one cycle, data dependency stalls of one cycle, and a memory latency of three cycles.

In blocked multithreading, thread A switches out of the processor when it issues a high

latency memory instruction, and thread B switches in and starts running.  Thread A resumes

when thread B  issues a memory instruction.  Note that a data dependency between the

instructions R1←R2+R3 and R4 ←R1+R3 in thread B stalls the pipeline for one cycle. In

static interleaving, threads A and B  share the processor in a multiplexed manner; Thread's A

slot is wasted while its memory access is performed.  In dynamic interleaving, thread B  can

use thread's A slot while A  is idle.

It is important to understand the performance of each of the multithreading forms

discussed so far.  Let R be the average number of instructions executed until a memory

instruction appears in a thread.  Let I  be the average number of pipeline stalls (idle)

produced executing these R instructions; thus, R+I  is the total number of cycles until a

memory instruction appears.  Let L  be the average memory latency in cycles.  Therefore, the

processor efficiency in a conventional processor (single thread, single stream) is

ξ1 = R
R + I + L

We expect that multithreading will improve the utilization of a processor with the

number of threads as shown in Figure 2.2. The utilization of the single-thread, single-stream

processor is defined as ξ1.  The utilization increases with the number of threads, but it

saturates at some value ξ∞ for a number of threads sufficiently high.  In practice, the

utilization of a multithreading machine could degrade as the number of threads increases, as

suggested by the dotted lines. The degradation analysis will be seen in Chapter 5.
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Coarse-grain (blocked) Fine-grain (static interleaved) Fine-grain (dynamic)

cycle Thread A Thread B Thread A Thread B Thread A Thread B

1 R1 ← R2 + R3 R1 ← R2 + R3 R1 ← R2 + R3

2 Load   R2 R1 ← R2 + R3 R1 ← R2 + R3

3 CONTEXT  SWITCH  -> Load R2 Load R2

4 R1 ← R2 + R3 R4 ← R1 + R3 R4 ← R1 + R3

5 STALL STALL R7 ← R1 + R8

6 R4 ← R1 + R3 R7 ← R1 + R8 R1 ← R4 + R5

7 R7 ← R1 + R8 R1  ← R4 + R5 Load  R2

8 Load  R2 Load  R2

9 <-   CONTEXT SWITCH

10 R1 ← R4 + R5

Figure 2.1.  Examples of blocked, static, and dynamic multithreading.

ξ

ξ∞

1

utilization

number of threads1

Figure 2.2.  Utilization of the multithreaded processor.

In coarse-grain multithreading a thread executes on the average R instructions until a

memory request is found.  Assuming a thread is ready, the processor switches to a new

thread after a switch delay of C cycles (C < L).  If no thread is ready, the processor idles.  If

busy, switching,  and idle are the times the processor spends in the corresponding states, the

utilization is [cull92]
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ξ = busy
busy + switching + idle

If there is a sufficiently large number N of threads, then the L cycles for a memory

request will elapse before all the other ready threads have a turn at the processor. Thus, the

memory latency is entirely masked and the utilization of the processor is determined by the

run length and the switch delay.  The processor saturates, since increasing the number of

threads has no effect on performance. The utilization in saturation is

ξblocked,∞ = R
R + I + C

In the static interleaved scheme, the pipeline multiplexes S streams. The utilization is
just ξstatic,1 = 1 S  (for large S) when only one thread is running.  The efficiency increases

with the number of threads but does not reach unity, because slot times are wasted while

memory or synchronization operations execute. Thus, the maximum utilization is

ξstatic,∞ = R
R + L

In the dynamic interleaved scheme, the utilization for a single thread is the same as in

the conventional processor since the throughput is reallocated to the single thread. Thus,
ξdynamic,1 = ξ1.  Assuming a large number of streams S , the processor will reallocate

throughput if a stream cannot make use of a time slot. Thus, the theoretical limit of

utilization using an ideal scheduler approaches one

ξdynamic,∞ = 1

From our discussion, we derive several conclusions

• The primary benefit of blocked multithreading is to hide memory latency, provided

that the context switching cost C is lower than the memory latency L.  A possible

application target is modern multiprocessor systems with distributed shared-

memory. For example, the worst case of access for a remote memory module in the

DASH multiprocessor [leno92] is 132 cycles.  Another application is real-time

systems where the access time to sensory information is high. A problem with

modern conventional processors is the high cost of context switching; however,

some attempts have been made with the SPARC [hida93].
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• The primary benefit of static interleaving is to hide data and control hazards, if there

is a sufficient number of active threads. The performance of the processor running a

single thread is horrendous, which excludes this scheme from many applications

dominated by Amdahl's law.

• Dynamic interleaving gives the best performance for any given number of threads.

However, it implies more complex hardware that comes of holding more contexts

and implementing a dynamic scheduler. The additional overhead could also reduce

the maximum achievable clock speed.

We can see that the relative order of the hardware costs for the three schemes is:

costblocked < coststatic < costdynamic.

This discussion raises the following questions:  What is the cost and performance of a

multistreamed architecture ?  What is the expected performance of a combined workload

running on a multistreamed computer ?  Is there an optimal number of threads ? We will

address these questions in this thesis.

Finally, consider the dynamic scheme. There are other schemes that achieve a processor

utilization close to unity. For example, the Tera Computer [smit90] and DART [shet91] can

execute multiple instruction streams simultaneously.  On every tick of the clock, a stream

that is ready to execute is selected and allowed to issue. When an instruction finish, the

stream to which it belongs becomes ready to execute the next instruction.  The utilization of

the processor can reach 100% if there are enough instruction streams in the processor such

that the average instruction latency is filled with instructions from other streams.  However,

the single thread performance is horrendous, as in the static scheme with one thread.

Multithreading is a technique that is orthogonal to superscalar or superpipelining. Thus,

multithreading adds a degree of freedom to the design of a processor.

2.1.2 Examples of Recent Multithreaded Processors

The MASA architecture proposed by Halstead et al [hals88] is intended as a basic building

block for a shared-memory multiprocessor that can execute parallel Lisp programs

efficiently.  MASA is an interleaved architecture in which each processor can have several

active tasks loaded at once and can switch from one to another on every clock cycle.

Tolerance to communication improves by allowing other tasks to run while some are

blocked, even if only briefly.  There are several task context frames, each consisting of a set



12

of process state registers and a set of general purpose registers for each resident process.

One task frame is selected among the ready Tasks, and its state is changed to running .

Instructions are selected from the running  Tasks.  In MASA, like in HEP, an instruction of a

process is not issued until the previous instruction of that process is completed. However,

MASA employs dynamic scheduling, while HEP uses round-robin scheduling.

MASA uses parallel streams for lightweight procedure calls and traps. This feature is

supported by its bank of registers  shared in the style of register windows. Children streams

have their own registers and share several registers with their parents. When a trap occurs, a

trap handler is installed on a new stream. The new stream is allowed to probe the context of

the trapped stream. Similarly, by creating a new stream for each procedure invocation,

parameters of the procedure are passed in the shared registers automatically.

TERA [alve90,smit90], the successor of HEP, is a shared-memory multiprocessor with

multi-stream processors and interleaved memory units interconnected by a packet-switched

pipelined interconnection network. Each processor has support for 16 protection domains

and 128 streams. A protection domain contains an independent set of registers holding

stream resource limits, accounting information, and a memory map. Therefore, each

processor can execute 16 tasks in parallel, and can interleave 128 streams.  Streams have

their own register set and are hardware scheduled.  On every tick of the clock, the processor

logic selects an instruction from a ready stream. When an instruction completes, the stream

to which it belongs becomes ready to execute the next instruction. The processor is fully

utilized provided that there are enough instruction streams in the processor such that the

average latency is filled with instructions from other streams. TERA employs a VLIW wide

instruction format, packed with three operations: Memory, Arithmetic, and Control.

*T is a blocked multithreaded architecture for massively parallel systems using a

pipelined interconnection network [nikh92]. This processor is a descendant of dataflow

architectures such as P-RISC and Monsoon [nikh89,cull90], but unlike them, *T attempts to

be compatible with conventional von Neumann processors.  The architecture concentrates on

an efficient context switch mechanism and on an efficient split-phase communication

mechanism for threads with a typical life span of a few tens of instructions. Messages carry

continuations, i.e. an identifier for the appropriate thread which is reactived on the arrival of

the response.  As in TERA, many threads are needed to avoid idling the processor if the

memory latency is long. The processor is separated into three coprocessors: 1) a remote

memory request coprocessor in charge of replying to incoming messages, 2) a
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synchronization coprocessor in charge of preparing and receiving messages, and 3) the data

coprocessor.

DISC is an interleaved pipelined multithreaded processor that addresses the need for

faster response to hard-deadline real-time requests, while still providing efficient operation

of non-critical threads [nemi90,nemi91,serr93]. Its pipeline can run from a single instruction

stream (IS) to multiple instruction streams.  The processor throughput can be allocated

among ISs, and can be dynamically reallocated when an IS scheduled to run is not ready.

Scheduling of streams on an instruction basis using a hardware scheduler allows simple

partitioning of the processing power among the several active real time tasks.  It is thus

possible to assign an interrupt to a given stream which begins processing in parallel with a

level of partitioned throughput.  Streams can also trigger other instruction streams and

multiple streams can synchronize with each other when necessary.  For example, consider a

machine running three streams concurrently and one of the streams halts.  The other streams

are automatically allocated the instruction slots which would otherwise be wasted.

Real-time systems also require hard deadline management which is often implemented

via timer based interrupts.  In conventional architectures, these interrupts require context

switches.  In DISC, an interrupt, instead of suspending a running process, can create its own

instruction stream.  When the interrupt routine finishes, the throughput will be dynamically

reallocated to the remaining instruction streams.  Context switching is not required as long as

the number of instruction streams supported by the processor is less than or equal to that

required by the application.

Other examples are the multiple instruction stream processor of Kaminsky and Davidson

[kami79,kowa85], DART [shet91], and others [stal86,agar90,mccr91].  A dynamic

interleaving model has been proposed to improve the rate of instruction issue to functional

units [pras91]. Several researchers have proposed multithreaded superscalar architectures

[dadd91,dodd92,pras91, hira92].

2.1.3 Superscalar Machines

Even though the CDC 6600 [thor64] had multiple functional units, the idea of multiple

instruction issue was not pursued until many years after its introduction in 1964.  Several

studies in the early 70's concluded that the instruction-level parallelism was very small

[flyn70].  However, by the mid 80's, new work showed significant parallelism available.



14

Both Superscalar and VLIW machines exploit instruction-level parallelism of a single

instruction stream. The primary difference is that superscalar processors perform run-time

scheduling while in VLIW processors this is performed at compile-time [fish81,fish84].  A

disadvantage of compile-time scheduling is the variable latency of memory operations; a

data cache miss may stop issue of all subsequent instructions until the memory delivers the

data, since most VLIW machines do not have data conflict resolution hardware.  Dynamic

scheduling in a superscalar processor does not have this problem.  However, dynamic

scheduling needs complex hardware for conflict resolution.

Instruction-level parallelism is defined as the average number of instructions issued per

cycle in an ideal machine having an unlimited number of functional units and an infinite

window size.  The amount of parallelism is limited by the data, control, and structural

hazards [henn90].  Several compiler techniques increase the amount of parallelism, for

example, loop unfolding, software pipelining, and instruction reordering [henn90].  At the

hardware level, techniques such as speculative execution and register renaming reduce but

do not eliminate the effect of the hazards.

The performance gains possible through speeding up serial execution rates are very

limited using reasonable hardware. Jouppi shows that the available parallelism for most

nonscientific applications is around 2.5 instructions [joup89].  Results indicate that the

parallelism in a program can vary by orders of magnitude over relatively short time intervals.

Optimized numerical programs also show wide and rapid variance in available parallelism.

Good machine utilization requires finding a way to smooth out these resource profiles.

Recent studies on the limits of instruction parallelism in applications show respectable

speedups for many programs [aust90,butl92,theo92]. However, unrealistic assumptions such

as big window sizes, perfect speculative execution, perfect register renaming, and memory

disambiguation are needed to exploit that parallelism. For example, the study by Theobald et

al [theo92] shows results for window sizes of 64 and 2048 instructions.  The complexity of

implementing a large window size is prohibitively expensive in both clock speed and chip

area. Dwyer et al [dwye87] estimate that the issue, compression, and allocation logic for a

proposed implementation of an 8-entry window based on the dispatch stack idea consumes

150,000 transistors. The complexity of a window is roughly proportional to the square of the

window size since each instruction must check dependencies with all the instructions that

precede it. We can see that big window sizes are out of reach of today's technology.
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Figure 2.3. Block diagram of a multistreamed, superscalar processor.

2.2 Dynamic Multistreamed Superscalar Processors

A multistreamed superscalar processor is a multithreaded architecture that uses chip real

estate efficiently to implement a processor that takes advantage of the multithreaded

parallelism in applications. A multistreamed, superscalar processor is organized to support

the simultaneous execution of several instruction streams by holding the context of each

stream in hardware and fine-grain sharing of the functional units (cycle-by-cycle).  Each

hardware stream can be viewed as a logical superscalar processor.

Dynamic Multistreamed Superscalar Processors (DMSP) run multiple instruction

streams simultaneously.  DMSP processors combine the multiple instruction issue per cycle

concept (superscalar) with the ability to dynamically interleave the execution of multiple

threads.  There are multiple active streams and the sequencer selects instructions from any of

the active streams.  The processor can adapt to the number of threads running. It can execute

in single stream or multiple stream mode.  When a single stream is running, the processor

issues as many instructions as dependencies and the configuration allow.  As the number of

streams increases, the instruction issue scheme changes to accommodate instructions from

several streams at the same time.

Figure 2.3 shows a simplified block diagram of the multistreamed superscalar processor.

The diagram has three major parts: the instruction streams, the scheduler, and the functional

units.  An instruction stream consists of the context of a process and a buffer containing the
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Figure 2.4.  Detailed hardware organization.

next instructions to be executed.  The scheduler selects instructions from the stream issue

windows .  Instructions within the stream issue window can be dispatched out-of-sequence

provided no dependencies exist.  The scheduler checks the instructions in each stream's issue

window for data and control hazards and then moves the unblocked instructions into the

global issue window.  The global issue window contains all the instructions in the stream

issue windows that are ready to execute, i.e., that have no data or control dependencies.

From the global issue window, instructions are dispatched to the appropriate functional units

provided no structural hazards are present.  The processor has the capacity to execute N

instruction streams simultaneously.  In Figure 2.3, the streams share the functional units and

multiple copies of certain functional units can improve overall performance as the number of

streams increases.  In Figure 2.3, the implementation has four functional unit types: two

integer units (IU), two floating point units (FPU), one memory unit (Mem), and one branch

unit (BR).

Figure 2.4 shows a more realistic hardware organization. The hardware is organized to

support several instruction streams running concurrently. Each stream has its own program
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Figure 2.5. Decoupling control and data.

counter and register set.  Instructions are brought by the fetch unit from the instruction cache

and stored in each of the stream prefetch buffers.  From these buffers, instructions are sent to

the scheduling unit where the logic determines the data dependencies on its preceding

instructions that have not yet completed.  The scheduler dispatches instructions that are free

of dependencies to the appropriate functional unit provided structural hazards do not exist.

Instructions are dispatched to the functional units through an issue network.

Functional units return results to the corresponding stream's register file based upon a

stream identification tag appended to each instruction.  Also, functional units return

instruction identification tags to the scheduler.  As a result, the scheduler can release new

instructions to the functional units.  Interleaving requires additional hardware; however,

many resources can be shared.

2.2.1 Decoupling Control and Data

To minimize global interconnections, data values and control signals are separated in the

multistreamed processor, using the argument-fetching principle [denn88,mont92]. An

instruction operates on values stored in registers and gets executed by a functional unit.

Upon completion, the unit generates a signal to the control unit.

As seen in Figure 2.5, the scheduler takes instructions from the stream instruction

buffers and issues them to the functional units. Instructions are sent to the scheduling unit

where the logic determines the data dependencies on earlier uncompleted instructions from

the same stream. The scheduler issues instructions free of conflicts to the functional units.

The scheduler unit maintains register dependency tags.  Functional units return the results to
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Figure 2.6. Two approaches for the data network: a) using a global data interconnection
network, and b) using the principle of data type locality.

the corresponding register file.  The communication unit directly takes or deposits data from

the register files to the external world.

The main characteristic of this model is that data never flows through the control unit.

Instead, signals that hold the sequencing information among the instructions are the only

entities that move around the circular structure of the processor [denn88].  The advantage of

this approach is the reduction of global communication and the relaxing of the

synchronization constraints between the different modules of the processor.  This makes

possible designs with a higher clock rate.  Also, this reduces the complexity of the

instruction issue network since only instructions are passed through, not data.

2.2.2 Data Type Locality Principle

Using the data type locality principle to reduce global interconnections, instructions are

separated according to the data types they operate on. An instruction gets executed by a

determined functional unit that has access to register files containing a data type.  The

communication between functional unit types processing the same data type is high, while

the communication of functional unit types operating on different data types is kept to the

minimum.  Functional units are in proximity to their data type register stores.
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Figure 2.6 (a) shows a common data network used to access different data types.

Unfortunately, this is a complex network because a) the functional units must coordinate the

use of the data network using a control bus, b) the data network must support many data

types and many simultaneous accesses by the functional units, and c) the load/store unit must

use the data network. The resulting data network employs a lot of global interconnection.

Under the principle of data type locality shown in Figure 2.6 (b), the functional units and

their data types stores (registers) are in proximity.  The functional units access their data

types locally. Only in some cases it is necessary to provide global interconnection; for

example, load/store units accessing the register files.

The Power architecture (see Figure 3.1, next chapter) uses this principle of data type

locality [whit93]. The Power2 processor is separated in three integrated circuits:  The ICU

unit is in charge of prefetching and storing instructions in buffers; it also processes branches

and dispatches instructions to the FPU and FXU chips; the special registers are contained in

this chip.  The FXU contains the integer register files and processes integer instructions

using two functional units.  The FPU contains two floating-point functional units that access

the floating-point register files.  Only for floating-point memory operations must there be

synchronization between the FPU and FXU, because the effective address is contained in

integer registers and the data in the floating-point registers.  Also, branch operations need

communication since operands are compared in either the FXU or FPU for integer or

floating-point operands, respectively. The flags resulting from the comparison are

transferred to the ICU for branch processing. Using this locality principle the Power

architecture separates the processor in integrated circuits with the minimum of

communication between them.  It also helps to provide some decoupling between the

integrated circuits.

2.2.3 Scheduling Instructions

The number of instructions issued by single thread is restricted by the data and control

dependencies between instructions.  However, instructions from different independent

threads can be issued concurrently. One of the objectives of a multistreamed architecture is

to schedule instructions from alternate threads whenever conflicts lead to wasted cycles in a

thread.  In every clock cycle the scheduler interleaves instructions from different threads to

keep the utilization of the functional units at their highest.
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One important objective is to provide excellent single thread performance, i.e., when

only a single thread is available the processor should be as fast as an equivalent conventional

superscalar processor. Thus, the processor could dynamically work in either single-stream or

multiple-stream mode, according to the number of streams available. When the processor is

working in a single-stream mode, the issue scheme is vertical by taking instructions from the

same stream, as in a conventional processor. In a multiple stream mode the issue scheme

adds a horizontal component by taking instructions from different streams.

Several authors have proposed static schemes for scheduling [wang91].  In a static

scheme, the scheduler extracts information at compile-time  indicating the precise schedule

to be followed at run-time. Static scheduling works well for the single thread if the

processing elements are tightly synchronized; the scheduler knows precisely how many

cycles an instruction will take (except for memory and branch instructions).  While we do

not discard that static scheduling is useful to schedule instructions for some multithreaded

programs (for example, threads extracted from an iteration loop), we feel that dynamic

hardware scheduling at run-time makes better use of the multistreamed processor in more

cases than the static scheme.

Dynamic scheduling allows several streams to issue instructions whenever the single

stream does not have enough ready-to-issue instructions for the functional units.  Two (often

conflicting) objectives for a dynamic scheduler are: a) maximize the overall efficiency of the

processor, and b) maximize the effective processor share given to each thread

(responsiveness), important in real-time systems to guarantee a minimum of processor

throughput to each thread.

A dynamic schedule to maximize the overall efficiency could select threads using a

priority scheme and a round-robin strategy.  Figure 2.7 shows an example with three

instruction threads and four functional units: two integer (I), one float (F), and one load/store

(L). We assume that instructions execute in a single cycle, and that the memory is perfectly

pipelined. Figure 2.7 (a) shows the ready-to-issue instructions from threads 1, 2, and 3 at

clock=1;  thread 1 has two ready-to-issue instructions while threads 2 and 3 each has three.

The instruction windows can contain a maximum of three ready-to-issue instructions. The

notation Ii,j means the ith instruction (integer) from thread j; thus I1,1 is an integer instruction

that occurs just before the floating-point instruction F2,1 in thread 1.  The notation (-)

indicates an empty slot, i.e. there is no a ready-to-issue instruction in this space.
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thread 1 thread 2 thread 3 thread 1 thread 2 thread 3

- * L3,2 L3,3 - - * L3,3

* F2,1 I2,2 F2,3 L4,1 * I4,2 * F2,3

* I1,1 * I1,2 I1,3 I3,1 * I2,2 I1,3

(a)  clock=1 (b)  clock=2

thread 1 thread 2 thread 3 Clock Integer 1 Integer 2 Float L/S

- I7,2 - 1 I1,1 I1,2 F2,1 L3,2

I4,1 I6,2 * F4,3 2 I2,2 I4,2 F2,3 L3,3

* I3,1 * L5,2 * I1,3 3 I1,3 I3,1 F4,3 L5,2

(c)  clock=3 (d) summary of issue to functional units

Figure 2.7.   Example of dynamic scheduling instructions from different threads using round-
robin.  Instructions issued in each cycle are marked with (*).

At clock=1 (a), thread 1 is selected as the highest priority; thread 1 issues one integer

(I1,1) and one float (F2,1). There are still one integer and load/store free functional units, so

thread 2 is selected on a round-basis, and issues I1,2 and L3,2.

As a result of issuing instructions at clock=1, new instructions become ready-to-issue in

the instruction windows of threads 1 and 2 (I3,1, L4,1, I4,2). At clock=2 (b), thread 2 is

selected as the highest priority and issues I2,2 and I4,2.  The next in the priority line is thread

3, which issues F2,3 and L3,3.

Thread 3 becomes the highest priority at clock=3 (c) and issues I 1,3 and  F4,3. Next,

thread 1 issues I3,1 and since it does not have any load/store instructions, thread 2 issues L5,2.

Figure 2.7 (d) shows the summary of instructions issued in these three clock cycles.

The processor utilization is maximal for our example. This schedule does not always

obtain the maximum efficiency, but it provides a degree of 'fairness' for the threads.  This

schedule can be modified to maximize the processor share given to a thread by fixing the

priority of the streams. For example, if thread one always has the highest priority, its

performance is equivalent to the single thread one.  If thread two is next in the priority line,

it obtains the 'leftover's from thread one. Thread three would issue only to those functional

units not used by threads one and two.  In any case, Chapters 3 and 4 analyze the

characteristics of several schedules under determined workloads•
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3   Performance Evaluation of Multistreamed Architectures

A way to evaluate performance is to build a hardware prototype, involving high

development cost.  Instead, we use a software simulator to evaluate different configurations

at a fraction of what a prototype would cost.  The idea is that the simulator interprets the

instruction set of some existing architecture and simulates the scheduling of instructions on a

new architecture.  In this way, an existing base of programs and utilities can be used in

testing a new architecture, reducing the costs and time of developing. The simulator is used

to study the effect of different hardware configurations on the performance.  In addition, the

simulator helps to identify bottlenecks in designs and perform corrective measures.

3.1 A Multistreamed Simulator for the Power Architecture

3.1.1 The Power Architecture

We chose the IBM Power architecture [groh90,hall91,ibm92,moto93,oehl91,whit93] as the

base for our multistreamed architecture.  Implementations of the Power architecture can

issue more than one instruction per cycle, and support a limited out-of-order execution.  The

Power architecture has separate pipelined functional units that execute most instructions in a

single cycle: fixed point units (FXU), floating point units (FPU), and a branch unit (ICU).

Each unit type is located on a different chip and has its own set of registers.  Figure 3.1

shows the interaction among the three units, the instruction and data caches (I-Cache, D-

Cache), and main memory.

The instruction set defines 184 instructions that are executed by one of three functional

unit types.  A few of the instructions are executed on one unit type, but alter or use registers

located on another unit type.  For example, the floating-point compare is executed in a

floating-point unit and alters the condition register (CR) located on the branch unit.
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Figure 3.1. Functional blocks of the Power architecture.

3.1.2 Powersim

Powersim is the interactive program that we developed to simulate the operation of a

multithreaded Power computer.  Powersim can load programs compiled for the AIX

operating system, interpret the instruction set of the RS/6000, and simulate the issue of

instructions to different functional units in a multistreamed architecture.

load load AIX executable binaries.

run, step run or single step instructions.

get, put manipulate data from registers and memory.

stop, trace debug (breakpoints, trace).

stats get diverse statistics about program execution.

Table 3.1. Principal commands of Powersim

Powersim provides an interactive programming environment.  Commands are provided

for debugging, single-stepping, continuous execution, view/modify internal data, and collect

statistics of the execution of the program. The user can collect information on the run-time

properties of a program, for example, the utilization of the functional units and the

performance of each stream under a determined hardware configuration.  Table 3.1

summarizes the principal commands of Powersim.

Our simulator is based on the DLX simulator [henn90].  We rewrote most of the code to

provide support for the Power architecture, superscalar, multistreaming, and cache.  Our

objective was also to build a simulator that could be targeted for diverse architectures.
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Figure 3.2. Functional block diagram of Powersim.

Figure 3.2 shows the division of modules in Powersim.  The loader interprets the header

portion of an AIX executable binary and loads the program into the simulator memory. The

simulator is  the part of the code that interprets the instruction set and schedules operations

to the functional units.  The C-Trap handler  module emulates the execution of C-library

routines that a program calls.  Memory references are passed to the cache simulator module.

The branch  module implements different branch prediction schemes.  The debug module

handles breakpoints and disassemble instructions when executed.  The functionality

provided by debug is similar to the standard Unix utility dbx.

The modules are interconnected through the Tcl language interface [oust93], which

provides the interface to the user. Tcl is an interpreted application-independent command

language. It consists of a library package that is embedded in tools (such as editors,

debuggers, etc.) as the basic command interpreter. Tcl provides a parser for a simple textual

command language, a collection of built-in utility commands, and a C interface that tools use

to augment the built-in commands with tool-specific commands.

3.1.3 A High Level Model of Instruction Execution

In order for the simulator to be useful in running realistic workloads, the simulation needs to

be fast.   Therefore, a detailed hardware description is not implemented in Powersim.

Instead, Powersim is a functional simulator using a high level model of instruction execution

reflecting the hardware behavior.  Clearly, there are differences in the performance measures

of Powersim and the real hardware; however the differences in run-times of programs is
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small.  For example, the average error for the floating-point SPEC'92 benchmark set running

in the original RS/6000 is 10%, with a peak error of 20% occurring in only one of the

benchmarks.

The instruction execution model specifies a (unit, latency, lock) for each instruction. The

unit is the functional unit that will execute the instruction. The latency  is the number of

cycles that the functional unit will take to produce the result. The lock is the number of

cycles that the functional unit will be unavailable while executing the instruction.  For

example, perfectly pipelined units have a lock=1. Another example is the instruction div

(integer divide) which uses the integer unit, takes 17 cycles to produce a result, and locks the

unit while executing, i.e., div=(unit, latency, lock)=(integer,17,17) .

In addition to the basic functional unit latency , some instructions may add a run-time

latency. For example, load/store instructions add a cache access latency that depends on the

cache behavior. Another example is branch instructions, which may add a performance-

penalty latency in case that branches are mispredicted. The Power architecture specifies the

fall-through path of branches as the predicted path, with software hints to change the

prediction [moto93].

3.1.4 Hardware Simulation in Powersim

Powersim simulates diverse hardware modules, including instruction and data caches,

instruction buffers, scheduler, and functional units.  We describe the hardware simulation

scheme of Powersim.

Instructions are fetched from the I-Cache and stored in issue buffers.  An instruction

must pass the data (RAW,WAW,WAR), control, and structural tests before it issues to one

of the functional units.  An instruction stalls in the issue buffer if any of these tests is not

passed.  An instruction must pass data and control checks with all other instructions

preceding it in the issue buffer and in execution in the functional units.  Even if the data and

control tests are passed, an instruction must check the availability of a functional unit

(structural test).

Powersim marks instructions that have passed the data and control dependencies checks

as ready-to-issue.  Powersim's scheduler may dispatch instructions out-of-order within the

stream issue window in the absence of data hazards.  An instruction is removed from the

stream issue window as soon as the scheduler dispatches it to a functional unit.  The window

is then compacted and refilled with new instructions.
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Instructions are stored initially in a prefetch buffer.  Instructions are then transferred to

the dispatch stack [dwye91].  The dispatch stack performs operations that are very similar to

those performed in a reservation station.  Instructions are placed at the top of the dispatch

stack by the decoder and are issued from the bottom of the stack. Instructions conserve the

decoding order; the oldest instruction is at the bottom of the stack, with the highest priority.

An instruction can remain in the dispatch stack for any arbitrary amount of time until it

issues.  The number of entries of the dispatch stack defines the instruction window.  The

operations performed in the window are:

• Identify ready-to-issue instructions by checking data and control dependencies.

• Select instructions based on structural requirements. If more than one instruction

require the same functional unit, the one with the highest priority is selected.  A

functional unit accepts an instruction if the unit is free and there is a bus (if defined)

connected to the register file, such that the operands can be fetched.

• Issue instructions to the selected functional units. Their respective slots are freed and

the stack is compacted as shown in Figure 3.3. The registers that receive results are

locked while the instruction is executing, preventing succeeding instructions from

using them.
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The multistreamed operation is similar to the single stream operation discussed so far.

The difference is that streams are assigned different priorities to issue.  At every cycle, one

stream is selected as the highest priority, from a priority list specified by the user.

Instructions that pass all the checkings are selected from the highest priority stream and sent

to the functional units.  If there are free functional units after the highest priority stream has

issued, the next stream is selected from a give away  list of streams.  Issue stops in a

determined cycle when either the give away list is exhausted or all the functional units are

busy.  The priority  and give away  lists are advanced in a cyclic manner, similar to the

operation of a circular shift register. For example, if the priority list is (1,2,3), then the

highest priority stream at consecutive cycles is: 1,2,3,1,2,3,1,..,etc.

Powersim allows the user to specify many parameters for the different hardware

modules. For example, the scheme used for branch prediction can be chosen. The user can

select the functional unit types and the latency of each instruction.  Table 3.2 summarizes the

different parameters that can be specified for the simulation.

Hardware module Description

• Icache, Dcache Specification parameters of the instruction and data caches.

• Issue buffer Window of instructions and size of the buffer

• Branch unit Branch prediction scheme and misprediction penalty.

• Scheduler Lists used by the scheduler (type, priority, and give away).

• Functional units Type, number, and latency of functional units.

• Buses Communication buses for units, register files, and caches.

Table 3.2. Powersim's hardware specification parameters.

3.2 Preliminary Study

We present a preliminary study of our multistreamed architecture, using Powersim and the

SPEC'89 benchmark set. The following is our simulation framework and its justification:

• Fully pipelined functional units were assumed.  Using non pipelined FUs will show

greater benefit of multithreading since the cost of data dependencies increases.

Instructions execute in exactly one of the following functional units: Integer,
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Floating Point, Multiply (Integer), Divide (Integer), CR (conditional register),

Branch, and Memory (Load/Store Unit).

• Register renaming is not used. Register renaming can increase the performance on

the single streamed processor; however, we do not include renaming to show the

performance advantage of multistreaming.

• Branches do not incur any performance penalty.  No extra cost for branches was

assumed to obtain a more conservative result.  As the cost of a branch increases, the

performance of a single-streamed architecture reduces but its penalty is much lower

in a multistreamed architecture.

• Single-cycle memory access is used to exclude the effect of memory/cache and

concentrate on data, control, and structural dependencies.  As the memory latency

increases, the benefit of multistreaming increases too, since there are other streams

ready to execute.  Therefore, this assumption produces a conservative result.  Later,

it is shown that a larger latency will result in better performance of multistreaming

over single stream.

• We compiled the SPEC'89 benchmarks with the C optimizer (-O) option.  The

AT&T Fortran-to-C converter [feld91] translated the Fortran benchmarks. No

modifications to the code were performed to increase the performance. The

benchmarks were not run to completion and a statistical sampling method was used

[cont92] to reduce the simulation time.  However, each simulation was run with at

least one hundred million (100 M) simulated cycles.

3.2.1 Effect of Configuration

We examine the effect of the configuration on the performance.  The machine configurations

match functional unit capabilities to instruction class frequencies; frequencies for the

benchmarks used are shown in Table 3.3.  Table 3.4 lists the number of functional units for

configurations C1, C2 , and C3, and the latency of each functional type. Configuration C1

resembles closely (except for multiply and divide units) the original RS/6000 architecture.

Configurations C2  and C3  represent a step further in exploiting higher performance.  The

integer, float, and memory types have more functional units, as they appear more frequently.

The multiply (integer), divide  (integer), and cr logic  (conditional register) frequencies are too

low to justify more than one  unit.
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Benchmark integer float multiply divide cr logic branch memory

eqntott 39.3 0.0 0.0 0.0 0.0 35.5 25.2

espresso 51.5 0.0 0.1 0.0 0.7 21.9 25.8

li 36.4 0.0 0.0 0.0 1.3 21.2 41.0

doduc 17.3 27.8 0.2 0.0 3.3 10.2 41.2

fpppp 3.6 35.3 0.0 0.0 0.3 2.3 58.4

matrix300 1.4 16.2 0.1 0.0 0.0 16.7 65.5

spice2g6 43.5 1.9 0.3 0.0 0.7 19.6 33.8

tomcatv 6.1 45.1 0.0 0.0 3.4 9.3 36.1

Table 3.3.  SPEC '89 instruction mixes. The numbers indicate the percentage
of each instruction type.

Configuration

Functional unit Latency C1 C2 C3

integer 1 1 2 6

float 2 1 2 3

multiply 5 1 1 1

divide 17 1 1 1

CR logic 1 1 1 1

branch 1 1 1 2

load/store 1 1 2 3

Table 3.4. Configurations evaluated.

We obtained results with the following simulation framework:

• Most of the simulations use a window size of four for each stream; however

configuration C2  uses a window size of 8 when running one stream, and C3  uses a

window size of 16 and 8 for one and two streams, respectively.  This is necessary to

adequately exploit C2 and C3 , since they have a total of 10 and 17 functional units,

respectively.

• Multiple copies of the same program were loaded in all the streams of the machine.

The copies share the same code segment, but have independent data segments. This

is a worst-case since the probability of stream inter-collision is higher.

• A fair  schedule is used.  In any given cycle, the highest priority stream is chosen

randomly among all the active streams. The highest priority stream issues as many
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instructions as it can in that cycle.  If 'free' slots in functional units exist, then the

other streams issue instructions to these 'leftover' functional units.  The scheduler is

'fair' since each stream is given the highest priority equal number of times.

Figure 3.4 shows the results of the simulations. The columns indicate the Instruction-

per-Cycle (IPC) for one, two, three, and four streams. One can notice that for configuration

C1 , small increases in IPC are obtained as the number of streams is increased.  This effect is

due to saturation.

Saturation depends on the machine configuration. Saturation is reached when the

utilization of one functional unit type reaches one hundred percent; the functional unit

becomes the bottleneck of the system. For example, if integer operations are the majority of

the instructions and the machine has only one integer unit, then the integer unit is likely to

become saturated and, therefore, multistreaming does not increase performance.  Thus, the

contention for the integer unit primarily determines execution time.

As a first order approximation, the IPC of saturation can be determined by the minimum

of the number/frequency ratios, or MIN
unit=1

T

cunit vunit , where T  is the number of functional unit

types, V  =(v1,v2,..,vT) is the instruction mix vector (i.e. the fraction of each instruction type),

and C =(c1,c2,..,cT) describes the number of functional units of each type. For example,

memory operations dominate matrix300 (65.5%); the saturation point for configurations C1 ,

C2 , and C3 are given by 1/0.655=1.53, 2/0.655=3.05, and 3/0.655=4.58 respectively.  These

saturation values match closely the simulation results.

Most of the benchmarks reached saturation for configuration C1  with as few as two

streams.  The instruction-level parallelism of the benchmark is sufficient to adequately

exploit the configuration.  The improvement for configuration C1  with four streams is low

because one stream can almost reach saturation; the improvement is approximately 30%.

Configurations C2  and C3 obtain larger throughput gains.  As the number of streams

increases, performance grows to exploit the instruction parallelism. The saturation point

determines the upper bound of performance.  Increasing the number of functional units

increases the performance for one stream until data and control dependencies dominate

performance.
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Figure 3.4. Statistics for configuration C1 (top), C2  (middle), and C3 (bottom), with
random (fair) schedule.  The columns indicate the Instruction-per-Cycle (IPC) for one,
two, three, and four streams.
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Number Configuration

of streams C1 C2 C3

1 0 40.8 58.8

2 23.8 108.0 185.5

3 29.3 130.0 248.1

4 31.5 137.0 284.6

Table 3.5. Multistream improvement with a random schedule.  Average
percentage improvement compared to configuration C1, single-stream.

Table 3.5 shows the average gain from multistreaming. The reference point is the

performance for one stream in configuration C1 . Performance grows with the increase in the

number of functional units up to 59% for configuration C3. However, resource usage is

lower since configurations C3  has 17 functional units compared with 7 for configuration C1 .

Adding more streams improves performance (up to 285% for four streams) resulting in

better resource usage.

3.2.2 Effect of Memory Latency

Section 3.2.1 assumed single memory latency. We now examine simulations with a memory

latency of four. Memory is still assumed perfectly pipelined, and instruction fetch is single

cycle.  In our scheme, the stream remains active, while the load/store functional unit

performs the memory operation. In the meantime, ready-to-issue instructions from the same

stream can issue.  The main purpose of this test is to demonstrate that the benefit of

multithreading increases as the latency increases.

Figure 3.5 show the results. The higher memory latency resulted in lower single stream

performance, as expected; however, the improvement of multistreaming is more evident.

Even configuration C1  shows significant improvement from multistreaming.  The higher the

percentage of memory instructions in the benchmark, the higher the improvement.  For

example, matrix300  is a memory-bound benchmark (65.5%) that exhibits the highest

improvement with multistreaming.  Table 3.6 shows the multistreaming improvement for

configurations C1 , C2  and C3 . The reference point is the performance of one stream for each

configuration. The upper bound of improvement is 100% for each additional stream. This

improvement is achieved in matrix300;  the performance grows linearly with the number of

streams.
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Figure 3.5.  Statistics for configuration C1  (top), C2  (middle), and C3 (bottom) with
random (fair) schedule and memory latency 4.
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configuration C1 configuration C2 configuration C3

benchmark 2 3 4 2 3 4 2 3 4

eqntott 71.8 110.7 129.1 84.2 139.2 150.0 100.0 185.3 262.8

espresso 66.7 93.1 102.0 91.6 147.1 179.0 98.5 178.8 265.2

li 63.6 91.6 104.7 82.8 148.4 192.6 92.4 169.5 247.3

doduc 72.6 105.7 118.9 80.3 152.3 203.0 92.9 162.4 237.6

fpppp 60.0 80.0 82.1 75.9 140.5 176.7 90.8 163.0 234.5

matrix300 84.1 130.2 139.7 100.0 195.2 271.4 100.0 196.8 296.8

spice2g6 71.0 103.0 115.0 80.7 150.4 200.0 90.4 168.0 251.2

tomcatv 37.1 50.9 52.6 52.4 81.9 98.2 83.2 116.3 144.6

AVERAGE 65.9 95.6 105.5 81.0 144.4 183.9 93.7 167.5 242.5

Table 3.6.  Multistreaming improvement for memory latency 4, random schedule and
configurations C1 , C2 , C3.  Percentage of improvement for 2, 3, and 4 streams over one
stream for each configuration.

3.2.3 Effect of Schedule

The scheduler in a dynamic interleaved architecture adds overhead and complexity to the

architecture. Different schedule schemes have diverse implementation costs. Here we

compare the fair schedule used in Sections 3.2.1 and 3.2.2 with a prioritized (or unfair)

schedule. In the prioritized schedule, the priority of the streams is fixed. Stream 1 has the

highest priority and stream 4 the lowest priority. Stream 1 issues as many instructions as it

can. Clearly, stream 1 has the same performance as it was running in a single streamed

machine and stream 4 can only issue in a given cycle if there are remaining functional units

after streams 1, 2, and 3 issue.

The simulations were run with all streams active throughout the run. The IPCs obtained

from the two schedules are similar, as expected. This does not mean that the individual

stream performance is similar; the prioritized schedule clearly makes some streams starve.

More interesting is to observe the effect of the memory latency on performance for the

prioritized schedule. For our experiment we chose configuration C3  and ran it with four

streams, with memory latency 1 and 4.  Figure 3.6 and Figure 3.7 show the results.
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Figure 3.6. Performance of each stream for configuration C3 , prioritized schedule, and
memory latency of 1. IPC of each individual stream for a run with four streams.
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Figure 3.6 shows the performance of each stream for the prioritized schedule for

memory latency 1.  Stream 1 has the highest priority. Thus, stream 1 has the same

performance as if it were running alone.  The results for stream 1 are slightly lower than the

ones presented in Figure 3.4 because we used a window size of 4 (previous window size was

16).  Stream 2 is next in the line of priority. Stream 2 has almost 80% of the performance of

stream 1 running in a cycle steal mode or more precisely in a functional unit steal mode.  In

other words, stream 2 will steal (or use) the functional units that stream 1 cannot use because

of dependencies; thus, the configuration is adequate to support two streams. The

performance of the third stream varies with the benchmark, for example matrix300 and spice

have enough leftover instructions to support this stream, while the performance for eqntott is

regular.  The fourth stream shows a significant decrease of performance.

Figure 3.7 shows the effect of increasing the memory latency to four.  A high memory

latency is an obstacle to exploiting instruction-level parallelism. Thus, increasing the

memory latency levels the performance of the four streams.  The figure shows that a single

stream cannot exploit the configuration adequately. There are enough resources in

configuration C3  to support four streams. Thus, performance growth is almost linear with the

number of streams.  By using multistreaming, one virtually gets an extra processor with

memory latency of 1.  We see that this almost approximates the work of four single stream

processors•
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4   Performance Estimation of Multistreamed Architectures

We present a model to estimate the performance of superscalar multistreamed architectures..

The input parameters of the model are the workload and architectural descriptions that are

estimated or obtained using commonly available tools.  The model produces instructions

executed per cycle (IPC) estimates.  To validate this technique, estimates of the model for

several benchmarks are compared against results from Powersim.

A simulation study demonstrating performance benefits of multistreamed, superscalar

processors was presented in Chapter 3.  Due to the cost of the simulations in this study, both

in complexity and execution time, we develop a simple analytical model to estimate the

overall performance of these architectures.  A purely analytic model is often too complex.

Often, many simplifying assumptions have to be taken for the model to be tractable. Instead,

we propose a model that combines simulation and analysis to get performance measures

faster than a pure simulation method. Our approach views the instruction stream as a random

source of instruction types. The characteristics of the instruction stream are extracted from

simulations and used in the analytic model. Our results show that this interpretation gives a

good approximation in the context of independent instruction streams. In addition, the model

allows us to analyze the behavior of the design using programs for which we know the

characteristics but do not have the code.

4.1 The Model

The model we developed is stochastic in nature and is based upon a Markov model.  The

model calculates the expected overall performance in number of instructions executed per

cycle (IPC) by the processor.  The performance of individual streams is not calculated by the

model since we are attempting to calculate the best possible overall system performance

independent of individual stream performance. The overall performance uses this formula

IPC = Pw ⋅ IPCw
w=1

G

∑ (4.1)
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where Pw  is the probability of having w  instructions in the global window, IPCw is the

expected IPC measured for an issue window of size w , and G  is the size of the global

window.  The technique is separated into two major parts: one modeling structural hazards

(contention for resources) and the other modeling control and data hazards (RAW, WAW,

WAR, and branches).  IPCw models the effect of structural hazards while Pw is a scaling

factor used to model the performance degradation due to the data and control hazards. The

rationale behind this division is that the modeling of structural hazards is primarily

dependent on the architectural (hardware) configuration while the modeling of control and

data hazards is primarily dependent on the workload.  In addition, since we employ a

Markov chain in our technique, combining the structural hazards as well as dependencies

into a single chain results in an extremely large number of states.  Our division simplifies the

Markov Chain and makes the problem more tractable.

4.1.1 Architecture Characterization

The architecture of the processor is specified by a number of streams (N), a stream issue

window size (S), and a functional unit configuration vector (C).  The stream issue window is

the buffer consisting of instructions that can be issued in a given cycle. Issued instructions

are removed from the window and new instructions are brought in the buffer to maintain it

full.  We assume that all the stream windows are of the same size, i.e., S1 = S2 =.. = SN = S.

Thus, the total number of instructions in the machine (G ) considered for issue is equal to

G=NS , i.e. the sum of all the stream windows.

An instruction is ready-to-issue if it passes the data and control dependency constraints.

A ready-to-issue instruction is issued if there is any functional unit that can accept it in a

given cycle. We assume that there is a perfect scheduler that dispatches instructions from the

streams in a fair manner, i.e. giving a fair opportunity to each stream to issue instructions.

Functional units are assumed perfectly pipelined so each unit can accept an instruction every

cycle. The parameter T describes the number of distinct functional unit types. The functional

unit configuration vector (C) describes the number of units of each type.  Each element ci of

C contains the number of functional units of type i.  For example, the IBM RS/6000 can

issue up to four instructions per cycle (integer, branch, floating point, and condition register).

Its parameters are: S=4, T=4, C =(cinteger,  c branch,  c floating-point,  c cr)=(1,1,1,1).   Table 4.1

summarizes the architectural specification parameters.
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N Total number of streams.

S Stream issue window size.

C  = (c1,c2,..,cT) Functional unit configuration vector

Table 4.1. Architectural specification parameters.

4.1.2 Workload Characterization

The workload is the programs or threads that are running on the multistreamed processor.

The workload is characterized by the type and number of threads loaded and running in the

hardware streams of the machine.  We assume that each stream is loaded with a thread; thus,

the number of threads is equal to the number of streams.

The workload of the system is characterized by its runtime instruction mix vector (V ),

the number of active streams (N), and a histogram vector (H).  We view each thread as a

stochastic stream of instructions of different types, and we use the instruction mix to

characterize the thread.  The instruction mix specifies the percentage of instructions of each

type.  For example, the instruction mix for the benchmark hanoi is: 56% integer, 12%

branch, and 32% memory instructions, e.g. V =(vinteger,vbranch,vmemory)=(0.56,0.12,0.32).

The histogram vector (H ) models the data and control dependencies.  A complete

description of the histogram vector will be presented in the subsequent sections.  Table 4.2

summarizes the workload characterization parameters.

V= (v1, v2,...,vT) Runtime instruction mix vector.

H Histogram vector

Table 4.2. Workload characterization parameters.

4.1.3 Model of Structural Hazards

In the model of structural hazards, we calculate the expected IPC (IPCw) of a workload

for a given processor configuration as a function of the global issue window size.  The global

issue window contains all the instructions that are ready to be dispatched to a functional unit,

i.e., that have no data or control dependencies.  Thus, only the effects of structural hazards

are calculated; data and control dependencies are not considered.
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We assume that there are w ready-to-issue instructions in the global window for our

model of structural hazards, where 0 ≤ w ≤ NS.  The state of the instructions is represented by

a vector Mw =(m1,m2,..,mT),  where each element mi  describes the number of instructions of

type i [serr94,yama94]. The sum of the elements of Mw is equal to w.  Given a global issue

window of size w  and T functional types, the total number of states for the window is equal

to the number of w-selections of a T-set [bose84], or 
w + T − 1

T − 1




 .

For a global window state Mw, the number of instructions dispatched in a given cycle is

determined by the number and type of ready-to-issue instructions in the global window and

the number and type of functional units. For example, consider a machine with one floating

point unit, two integer units (C=(1,2)), and global window size of three (w=3).  If no

floating point and three integer instructions are in the global window (M3=[0,3]), then only

two integer instructions are dispatched in that cycle.  For a given functional unit

configuration and global window state, the number of instructions of type j dispatched,

referred to as ij , is the smaller of the number of functional units of type j and the number of

instructions of type j within the window.  We define IMw, the total number of instructions

dispatched for the state Mw of the window, as the sum of ij over all functional unit types:

IMw
= ij

j=1

T

∑ , ij = min cj , mj( ) (4.2)

The expected IPC for a window of w instructions is the sum of the instructions issued

IMw times the probability of being in state Mw, defined as Q Mw, for all the states of the

global window:

IPCw = IMw
Mw

∑ QMw
(4.3)

We obtain QMw by calculating the steady state probabilities of a Markov chain involving

the states of the global issue window.  The states are not independent due to the relationship

between the window size and configuration of functional units.  For a given processor

configuration and global window state, the next states are determined by the instructions

dispatched.  For our example, two integer instructions are dispatched and one remains.

Therefore, the next state must contain at least one integer instruction ([2,1], [1,2], and [0,3]).

Table 4.3 lists all states, the possible next states, and the number of instructions dispatched
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Figure 4.1.  Markov chain and the state transition matrix (STM) for the example with homogeneous
workloads, w=3, M3=[0,3], C=(1,2).

in each state.  Thus, the next state is dependent on the current state of the global window Mw

and the functional unit configuration C .

The state transition probabilities are computed from V , the runtime instruction mix for

the workload.  For our next discussion, we restrict workloads to a single instruction mix

even though more than one stream may be executing. Later we discuss workloads of

different instruction mixes.

Current State M3 Possible Next States IM3

[3, 0] [3, 0] [2, 1] 1

[2, 1] [3, 0] [2, 1] [1, 2] 2

[1, 2] [3, 0] [2, 1] [1, 2] [0, 3] 3

[0, 3] [2, 1] [1, 2] [0, 3] 2

Table 4.3. State table for the example in Figure 4.1.  IM is the total number of
instructions dispatched for the current state.

We assume that instructions of different types are uniformly distributed throughout the

execution of the workload.  For our example,  since two instructions issue in state [0,3], the

probability of a transition to state [2,1] is equal to the probability of filling the global issue

window with two floating point instructions.  This probability, obtained from the runtime

instruction mix V=(v0, v1), is just the square of the probability v0.  Figure 4.1 shows the

Markov chain model and the state transition matrix STM  for our example.
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After solving for the steady state probabilities Q[x,y], we calculate the expected IPC for

a window of size w , IPCw, using equation (4.1).  For our example, the expected IPC for a

window size of three is

IPC3 = I[3,0]Q[3,0] + I[2,1]Q[2,1] + I[1,2]Q[1,2] + I[0,3]Q[0,3].

4.1.4 Model of Data and Control Hazards

The instruction-level-parallelism of a workload is degraded by data and control hazards. An

estimated degradation factor obtained from the workload is used to scale the performance

obtained by the structural hazard model. This section describes a measure of the instruction-

level-parallelism of a workload, i.e., the capacity to issue a number of instructions in a cycle.

The histogram vector H= (h0,h1,h2,...,hS)  characterizes an active stream issuing part or

all of its window of instructions in a cycle. Each element hw describes the probability that w

instructions issue in a given cycle.  The single stream measure H  for the benchmark can be

obtained with performance monitoring hardware, as in the new POWER2 architecture

[welb93].  In our case, we use Powersim to extract the histogram vector.

We define Pw as the probability of having w instructions ready-to-issue in a cycle. For

the case of two homogeneous workloads (and therefore the same histogram vector), the

probability P0 of zero ready-to-issue instructions is equal to the probability of the two

workloads having zero ready-to-issue instructions, or h0
2 . For example, the following

coefficients are obtained with two workloads (N=2) and a stream window size of two (S=2)

P0 = h0
2 ,

P1 = 2h0h1,

P2 = h1
2 + 2h0h2 ,

P3 = 2h1h2 ,

P4 = h2
2

For convenience of notation we group all the histogram vectors of the streams in a
matrix H of dimensions N ×S. An element hi,xi  

in H  contains the probability that xi

instructions from stream i are issued in a given cycle. In general, for a given number of

streams N and a matrix H, the probability that w instructions are ready to be issued in a cycle

is obtained from the probability that each stream i has xi ready-to-issue instructions, such

that  x1+x2+..+xN=w , and 0 ≤ x i ≤ S.  In other words
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Pw = h1,x1
h2,x2

..hN,xN
x1+ x2 +..+ xN =w,
0≤xi ≤S

∑ (4.4)

Estimating the histogram vector is important.  Often, the actual values cannot be

obtained and must be predicted.  For example, the executable code, actual machine

configuration, or tools to extract data may not be available.  However, since we had the tools

to extract this information, we chose to execute the programs and measure the values.  A

machine configuration with an infinite number of functional units is used to collect the

values.  The rationale is that the infinite number of functional units will negate any effect of

structural hazards, allowing us to measure more accurately the data and control hazards.

4.1.5 Rationale

One of the main problems faced by the analyst is the large state space of many Markov

chains, which precludes not only the model solution, but also the generation of the transition

rate matrix [souz92]. The storage and time needed for a large non-sparse Markov chain of N

states is O(N2) and O(N3) respectively.1
   Methods must be devised to reduce the number of

states, while retaining the accuracy of the solution.

In our case, a larger Markov chain can be built with all states.  The total number of states

is equal to the sum of the number of states for all possible w ready-to-issue instructions, i.e.

w + T − 1

T − 1




w=0

NS
∑ =

NS + T

T






In contrast, the maximum number of states in our approach occurs when the number of

ready-to-issue instructions is equal to the window size, i.e.

NS + T − 1

T − 1






Thus, the ratio of the total number of states to the maximum number of states is (1 + NS/T) .

For example, for four streams (N=4), four instruction types (T=4), and stream window sizes

of four (S=4), the total number of states is 4844 requiring 188 Mbytes of storage in double

precision. Our method requires at most 968 states and 7.7 Mbytes of storage in double

precision for a non-sparse state transition matrix.

1
Recent methods have cut down the time complexity to O(N2.4)  approximately.
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In practice, the number of states can be further reduced by considering only the most

significant instruction types.  Thus, T is reduced by selecting the most significant vunit/cunit

values since the less frequent instruction types do not often experience structural conflicts.

This is specially true for the bigger window sizes where saturation effects are observed.

Our method applies a decomposition method of large Markov chains [cour77]. The

Markov chain is decomposed into smaller chains that are solved independently. The

probability of each subchain is computed from the characteristics of the workload. From the

way we decompose the chain, we expect the method to be more accurate for streams that

don't have enough instruction-level parallelism to saturate the configuration of functional

units, or for configurations with many functional units.

4.2 Saturation Point

An examination of the graphs in Chapter 3 reveals that the performance gain levels out as

the number of streams increases. This is due to the contention for functional unit resources.

The phenomenon is most obvious in configuration C1  where saturation occurs when

executing as few as two streams.  For the larger configurations (C2  and C3), saturation

occurs when executing a larger number of streams.  Performance in a multistreamed

processor increases with the number of streams until one or more functional units saturate.

The saturation point is an important performance measure indicating the maximum

performance for a configuration and a type of schedule.

The saturation point depends on the characteristics of the workloads running on the

streams as well as the type of schedule employed for dispatching instructions.  We assume

an infinite number of streams running in the machine.  We review three interesting cases

where the saturation point is computed in closed form.

4.2.1 Extended Workload Specification Parameters

Our study of saturation considers the characteristics of different thread types, not just

homogeneous workloads.  We extend the workload specification parameters defined in

Section 4.1.2.  We define K as the number of distinct thread types running on the machine.

The vector W=(w1,w2,...,wk) is used to describe the workload of threads of each type. Each
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element wtype  represents the fraction of each thread type in the streams of the machine. For

example, a machine with four streams loaded with three copies of hanoi and one copy of

dhrystone has the following characterization: K=2, W=(whanoi ,wdhry)=(0.75,0.25) .

We generalize the instruction vector V  described in Section 4.1.2 to the instruction mix

matrix V  that specifies the percentage of instructions executed in each functional unit type.
Each element vtype,unit  of V contains the dynamic probability that instructions from a thread

type require execution in a functional unit.  For example, hanoi's instructions are 56%

integer, 12% branch, and 32% load/store, e.g., v hanoi,integer=0.56, vhanoi,branch=0.12,

vhanoi,memory=0.32.  Table 4.4 summarizes the extended workload specification parameters.

K Number of distinct thread types

W=(w1,w2,...,wk) Workload of threads of each type

V Dynamic instruction mix (K×T)  matrix

Table 4.4. Extended workload characterization parameters.

4.2.2 Homogeneous Workload

We consider the special case of multiple copies of the same thread type loaded on the N

streams of the machine (K=1).  A simple bottleneck analysis is used for the saturation point.

Assume that saturation occurs in some unit type and that there are cunit functional units of

this type. In saturation the utilization of the units reaches 100 percent; thus, on each cycle

cunit  instructions are fed to the unit  type. We define IPCunit
sat  as the maximum instructions-

per-cycle attainable from a unit type.  If vtype,unit is the probability that a thread type needs a

functional unit, then this performance measure is

IPCunit
sat = cunit / vtype,unit

Different unit types have different saturation points. The unit type with the minimum

saturation value constitutes the bottleneck of the system. Thus, the overall saturation value is

determined by taking the minimum of the saturation values for all functional units. We refer

to this result as the saturation value of each thread type:

IPCtype
sat = MIN

unit=1

T cunit
vtype,unit

 (4.5)
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For example, if there are 40% integer instructions in some thread type and one integer

unit, the saturation point for the integer unit is 1/0.40=2.5. If there are 60% floating-point

instructions and two floating-point units, the saturation point for the floating-point units is

2/0.6=3.33. The integer unit determines saturation, and the overall saturation value is 2.5.

4.2.3 Best-Case Schedule

The previous section considered homogeneous workloads.  Combining heterogeneous

workloads makes better use of the functional units. Higher saturation values could be

achieved. For example, consider the case of two heterogeneous thread types: one with only

integer instructions, and the other with only floating point instructions. The saturation value

of the first thread type is cint  (the number of integer units), while the saturation value of the

second thread type is cfloat  (the number of float units). Combining the two workloads gives a

saturation value of cint+cfloat , the sum of the individual saturation values.

Here we consider a hypothetical best-case schedule that mixes the benchmark types in

such a way as to obtain the highest saturation value. The obtained saturation value is used to

compare the optimality of any schedule with the best-case schedule.

Assume that the instruction mixes from the different thread types are mixed in some

optimal way, according to some workload W.   The fraction of instructions sent from a thread
type to a functional unit is equal to the fraction of time of the benchmark type wtype , times

the probability vtype,unit . Thus, the combined instruction mix for each unit type is equal to

the sum over all the thread types, or wtype
type=1

K
∑ vtype,unit .  The saturation value for the

combined instruction mix is computed using equation (4.5)

IPCsat = MIN
unit=1

T cunit

wtypevtype,unit
type=1

K
∑

















(4.6)

Obtaining the highest value of saturation is as a linear optimization problem. The

problem consists in finding the optimal workload W such as to maximize the saturation

value, or conversely, to minimize the scaled-instruction-mix.  The scaled-instruction-mix is

defined as the instruction mix divided by the number of functional units of each type.  In

other words, the problem is
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Figure 4.2.  Example of optimization with two benchmark types.

Find W=(w1,w2,..,wk)  (optimal workload)

such that 
1

cunit
wtype

type=1

K

∑ vtype,unit , unit=1,...,T   (scaled-instruction-mix) is minimal

subject to:   0 ≤ wi ≤ 1,   w1+w2+...+wK = 1

For example, if two benchmark types containing only integer and floating-point

operations are mixed, the scaled-instruction-mix system of equations reduces to two lines,

because w2=1-w1 . The optimization problem consists of finding the lowest value for the

interval.  Figure 4.2 illustrates three possible scenarios of the two lines, as a function of w2.

For cases (a), and (c), the minimum value is found in the extremes, i.e. w2=0  and w2=1 ,

respectively; thus, one of the benchmarks is excluded.  For case (b), the minimum value is

found in the intersection of the two lines.

We use the result of this optimization problem to determine the optimality of a schedule.

In other words, comparing the saturation values of a determined schedule and the best-case

gives the degree of optimality of the schedule.

4.2.4 Fair Schedule

A fair  schedule attempts to give each stream a proportion of processor time close to 1/N  of

the total time.  In this schedule, the priority is alternated on a cycle-by-cycle basis to each

stream in a random fashion.  The highest priority stream of a given cycle is allowed to issue

as many instructions as possible in that cycle.  If free slots in functional units exist, then

other streams are allowed to issue instructions to these leftover functional units.
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Since the schedule is fair, each thread type  will have the highest priority for a fraction

wtype  of the total time  on the average.  We now assume that all the streams saturate on the

same functional unit.  Each thread type will then execute a number of instructions in the

saturation unit proportional to its share w type , i.e. wtypecunit instructions-per-cycle in the

saturation unit. Since the frequency of the instruction type is vtype,unit  for each thread type,

each thread type will execute wtypecunit vtype,unit  instructions-per-cycle. As in Section 4.2.2,

the saturation point is determined by taking the minimum over all functional units for the

sum of the instructions-per-cycle of all thread types:

IPCsat = MIN
unit=1

T wtypecunit

vtype,unittype=1

K

∑












(4.7)

The reader should compare this result to Equation (4.6).  Thus, fairness does not

necessarily produce the most optimal utilization of the functional units.  However, optimality

is obtained in some cases, as we will explain later with an example.

It is interesting to see the contribution of each thread type to the total number of

instructions issued.  Instructions are taken from each stream in the same proportion under

low-load conditions, when the number of instructions issued is low compared with the
number of functional units. Thus, each thread type issues a fraction wtype  of the total number

of instructions issued. As saturation is approached, the fraction taken from each thread type

changes; we refer to this value as wtype
sat . If we define sat_unit  as the unit where saturation

occurs, then the number of instructions-per-cycle executed by each thread type is
wtypecsat_unit / vtype,sat_unit .  The share of each type is computed as the number of

instructions-per-cycle executed by the type divided by the total number of instructions:

wtype
sat =

wtype vtype,sat_unit

wtype vtype,unit
unit=1

T

∑
, type = 1,2,.., K (4.8)

The rest of the analysis will consider benchmarks that saturate in different functional

units. Without loss of generality, we present an example with only two benchmark types.

The analysis is similar to the linear optimization problem described in Section 4.3.2. The

scaled-instruction-mix as a function of the workload W is drawn as a line for the case of two

thread types, since w1+w2=1 .  Figure 4.3 plots the scaled-instruction-mix as a function of



49

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.1

0.2

0.3

0.4

0.5

0.6

w
2

integer
float
memory
branch

sc
al

ed
 in

st
ru

ct
io

n 
m

ix

Figure 4.3. Scaled instruction mix for two benchmarks.  The figure shows the scaled-
instruction-mix (instruction mix divided by the number of functional units) for two thread
types, as a function of w2, the fraction of thread type 2.

w2, for the integer, float, memory, and branch instruction types. The value w2=0  corresponds

to the scaled-instruction-mix for thread type 1, while w2=1  corresponds to the one for thread

type 2. As seen from Figure 4.4 the integer instruction mix dominate performance for type 1

(w2=0), while the floating-point instruction mix dominate type 2 (w2=1).

Suppose that in our example we have equal numbers of programs of each thread type,

i.e. w1=w2=0.5.  We start our search by assuming that saturation occurs in the integer units.

We can use Equation (4.4) with sat_unit=integer to obtain the share of thread type 2 in the

instruction mix in saturation, i.e. w2
sat =0.714.  However, Figure 4.3 shows that for the value

0.714 the floating-point instruction mix determines saturation since its value is higher;

therefore, our assumption of saturation in the integer unit is incorrect.  In our next step, we

assume that saturation occurs in the floating-point units. By using Equation (4.4) again, we

obtain w2
sat =0 (by taking the limit when the instruction mix approaches zero). However, this

is not correct because the integer instruction mix is higher for such a value. By using an

iterative procedure, it can be shown that the correct saturation point converges to the

intersection of the integer and float mix lines.  Thus, the correct answer is w2
sat ≈0.55.
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For our example we obtain w2
sat  as a function of w2 using this procedure:

w2
sat =

10w2 (4 + 6w2 ) 0 ≤ w2 ≤ 1 3

5 9 1 3 ≤ w2 < 1

1 w2 = 1







w2
sat  is a maximum for 1/3 ≤ w2 ≤ 1, and is found in the intersection of the integer and float

scaled mix lines. This is the saturation point of the best-case schedule.

The procedure solves a linear optimization problem. For the example, w2
sat  is computed.

If we determine that this value corresponds to our assumption of saturation for some

functional unit, then the result is correct and the search terminates. Otherwise, the search

continues until some optimal value is found.

4.3 Validation

We validated the analytic technique by comparing its estimations to the results of Powersim.

First, we describe our simulation environment and benchmark suite.  Next, we present the

results from both the analytical technique and the hardware simulator.  Finally, we quantify

the differences between the model and the simulator and discuss the discrepancies.

We studied the three different hardware configurations shown in Chapter 3, Table 3.5.

The scheduler employs a fair  scheduling algorithm.  In this algorithm, priority is alternated

among the streams on every cycle in a round-robin fashion.  The scheduler dispatches as

many instructions from the high-priority stream's window as possible in the current cycle.  If

free slots in functional units still exist, the scheduler attempts to dispatch instructions from

the other streams to fill the slots. For our experiments we used a stream issue window of

four. This means that the maximum number of instructions that a stream can issue is four,

resembling the original RS6000 architecture [groh90].

As explained before, each instruction stream is interpreted as a random stream of

instructions of each type. The instruction stream is characterized by its instruction mix, i.e.

each instruction type has a probability derived from the instruction mix. Instructions are

generated from a binomial distribution using the instruction type probabilities. The accuracy

of the model depends on the assumptions that 1) the instruction mix is a stationary process,

and 2) instructions appear in the instruction stream in a random manner.  We used two

estimators (σ, δ) to measure the degree of closeness to these assumptions:
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hanoi dhrystone fibonacci savage fft doduc li

skew  δ 0.134 0.143 0.165 0.199 0.132 0.314 0.198

integer 56.1 ±0.1 46.5 ± 0.0 48.4 ± 0.0 15.1 ± 0.2 23.2 ± 0.9 17.3 ± 4.0 36.4 ± 6.5

float 0 0 0 38.1 ± 0.2 16.8 ± 3.5 27.9 ± 4.8 0

cr logic 0 0.9 0 2.5 ± 0.0 0 3.3 ± 1.4 1.3 ± 0.0

branch 12.2 ± 0.0 20.0 ± 0.0 22.6 ± 0.0 9.2 ± 0.1 18.9 ± 1.5 10.2 ± 3.1 21.2 ± 1.2

memory 31.7 ± 0.1 31.5 ± 0.1 29.0 ± 0.0 35.1 ± 0.1 58.1 ± 1.3 41.2 ± 3.9 41.0 ± 6.9

Table 4.5.  Workload characteristics. The skew and the percentage (mean ± standard deviation) of
each instruction type. Values were sampled at fixed intervals of 1600 cycles.

• σ The standard deviation of each instruction type computed from samples collected

periodically from the simulations.

• δ The skew measure of the degree of randomness of the workload

δ = vi
j = 1

T

∑
i = 1

T

∑ v j − ti, j

where  v i is the probability of the instruction type i, and t i,j is the probability of transition

from instruction type i to instruction type j, measured by the simulator.  The skew measure is

zero for a perfectly random workload because v j must be equal to ti,j.  The skew measure

approaches one for a deterministic workload. Thus, the skew is a good indicator of the

fraction of randomness of a workload.

4.3.1 Benchmarks

A set of common benchmark programs is the workload.  We selected the small benchmarks

hanoi, dhrystone, fibonacci, savage, and fft.  From the SPEC'89 benchmark suit we selected

doduc  and li.   All the benchmarks ran to completion, with the exception of doduc  and li

which ran with traces of 150 million of instructions each. Table 4.5 shows the characteristics

of the workloads evaluated. The numbers indicate the mean and standard deviation of each

instruction type (mean ± σ) in percentage, and the skew of each benchmark (δ).  Integer

multiply and divide instruction mixes are not shown since they constitute a very small

percentage of the instructions.
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4.3.2 Comparison to Simulation Results

The first experiment consisted in running homogeneous workloads, with multiple copies of

the same thread loaded in all streams of the machines. For example, we ran hanoi with one,

two, three, and four copies of hanoi in the streams of the machine.

The number of instructions-per-cycle issued (IPC) are shown in Table 4.6 for one, two,

three, and four streams. Table 4.6 compares the predicted and simulation results for

homogeneous workloads and shows the percentage of error of the prediction.  As seen from

the results, the benchmarks with the smallest error are hanoi and dhrystone . They correspond

to the benchmarks with the smallest skew and standard deviation values. In any case, the

peak error does not exceed eight percent for all the configurations and benchmarks. The

average error is smaller for configuration C3  where the number of resources is bigger than

what an individual stream may use.

The previous results used homogeneous workloads. Combining heterogeneous

workloads makes better use of the functional units. Higher saturation values could be

achieved. We expect that the model gives results closer to the simulations, since the behavior

of a heterogeneous workload is expected to be more random than a homogeneous workload.

Although the model was explained with homogeneous workloads, the model can be

extended to model heterogeneous workloads.  This is accomplished by using an averaging

technique over the heterogeneous workload to obtain average homogenous workload

characteristics (Vaverage), using the instruction mix at saturation.  These characteristics are

entered into the analytical model to obtain performance estimates of heterogeneous

workloads. Table 4.7 shows the results for heterogeneous workloads. We selected pairs of

benchmarks and ran simulations for one, two, three, and four pairs, (2, 4, 6, 8 streams).  For

example, for the experiment with four streams, two copies of hanoi and dhrystone  were

loaded in the four streams of the machine.

4.3.3 Discussion

Our results show that the analytical technique produces estimates very close to those of

the simulation results.  Over the 168 total estimates, the average deviation from the

simulation results was 2.3%.  On average, the analytic technique produced fairly even results

across the various configurations and number of streams employed within a workload.
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C1 C2 C3

benchmark streams predicted simul. error % predicted simul. error % predicted simul. error %

hanoi 1 1.55 1.52 1.94 2.34 2.37 -0.93 2.56 2.56 -0.10

2 1.76 1.76 -0.17 3.33 3.31 0.44 5.02 5.13 -2.05

3 1.78 1.78 -0.04 3.53 3.53 -0.12 7.05 6.96 1.38

4 1.78 1.78 0.00 3.56 3.56 -0.03 8.28 8.14 1.77

dhrystone 1 1.59 1.64 -3.29 2.15 2.21 -2.58 2.34 2.36 -0.89

2 2.01 2.03 -0.98 3.35 3.41 -1.73 4.54 4.55 -0.40

3 2.12 2.12 -0.05 3.89 3.90 -0.36 6.35 6.39 -0.63

4 2.14 2.14 0.05 4.12 4.12 0.00 7.62 7.67 -0.59

fibonacci 1 1.86 2.02 -7.75 2.58 2.72 -5.18 2.96 2.99 -0.73

2 2.05 2.07 -0.97 3.62 3.86 -6.26 5.61 5.70 -1.58

3 2.07 2.07 -0.07 3.91 4.08 -4.16 7.42 7.61 -2.45

4 2.07 2.07 0.00 4.02 4.12 -2.61 8.30 8.63 -3.79

savage 1 1.43 1.51 -5.53 1.78 1.81 -1.42 1.83 1.83 -0.15

2 2.07 2.16 -4.43 3.18 3.30 -3.57 3.57 3.60 -0.66

3 2.34 2.38 -1.69 4.07 4.21 -3.15 5.04 5.16 -2.41

4 2.46 2.48 -0.74 4.59 4.65 -1.43 6.13 6.29 -2.61

fft 1 1.16 1.22 -5.16 1.48 1.44 2.70 1.52 1.51 0.26

2 1.57 1.66 -5.23 2.55 2.61 -1.95 2.93 2.94 -0.26

3 1.68 1.72 -2.07 3.11 3.23 -3.85 4.00 4.09 -2.26

4 1.71 1.73 -0.82 3.33 3.42 -2.41 4.65 4.81 -3.48

doduc 1 1.56 1.57 -0.64 2.04 2.01 1.49 2.12 2.17 -2.30

2 2.15 2.11 1.90 3.50 3.44 1.74 4.08 4.05 0.74

3 2.34 2.30 1.74 4.29 4.16 3.13 5.59 5.53 1.08

4 2.41 2.36 2.12 4.65 4.50 3.33 6.54 6.41 2.03

li 1 1.77 1.68 5.36 2.42 2.32 4.31 2.73 2.67 2.25

2 2.22 2.06 7.77 3.65 3.44 6.10 5.03 4.88 3.07

3 2.35 2.19 7.31 4.16 3.90 6.67 6.40 6.19 3.39

4 2.40 2.26 6.19 4.41 4.26 3.52 7.01 6.79 3.24

Table 4.6. Results for homogeneous workloads.  Predicted IPC and the simulation IPC for each
workload, configurations C1, C2, and C3, and for one, two, three, and four streams.

Table 4.8 shows the average percentage of error for different configurations and

workloads for homogeneous workloads. While the model makes many generalizations about

the architecture and workload that may not seem to be representative of most programs, our

results show that the predicted performance is close to the simulation results for all

configurations in six of the seven benchmarks (hanoi, dhrystone, fibonacci, savage, fft,

doduc). Also, the error is lower for configuration C3  than for configuration C1, confirming

that the error diminishes as the configuration grows in number of functional units.
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C2 C3

benchmarks streams predicted simulation error % predicted simulation error %

hanoi - 2 3.41 3.40 0.17 4.79 4.81 -0.50

dhrystone. 4 3.90 3.87 0.90 8.07 8.04 0.41

6 3.93 3.91 0.69 9.19 9.09 1.12

8 3.94 3.92 0.49 9.44 9.37 0.69

hanoi - 2 3.31 3.30 0.34 3.99 3.94 1.17

fft 4 4.24 4.25 -0.24 6.60 6.63 -0.46

6 4.45 4.50 -1.11 7.24 7.29 -0.65

8 4.54 4.59 -1.21 7.31 7.35 -0.63

dhrystone - 2 3.19 3.27 -2.25 3.77 3.78 -0.14

fft 4 4.37 4.40 -0.80 6.35 6.49 -2.17

6 4.69 4.65 0.91 7.19 7.22 -0.39

8 4.80 4.73 1.49 7.33 7.29 0.49

fibonacci - 2 3.90 3.99 -2.13 4.70 4.75 -1.09

savage 4 5.27 5.29 -0.39 7.99 8.18 -2.33

6 5.68 5.76 -1.44 9.13 9.28 -1.59

8 5.85 5.99 -2.39 9.38 9.44 -0.62

fibonacci - 2 3.55 3.77 -5.68 4.37 4.43 -1.28

fft 4 4.55 4.80 -5.15 7.19 7.40 -2.81

6 4.80 4.95 -3.04 7.70 7.78 -1.11

8 4.90 4.99 -1.81 7.74 7.76 -0.29

Table 4.7. Results for heterogeneous workloads. Predicted IPC and simulation IPC for
combinations of two benchmarks. Results shown for two, four, six, and eight streams
taking two of each benchmark at a time.  Configurations C2 and C3 were evaluated.

benchmark C1 C2 C3 AVERAGE

hanoi 0.54 0.38 1.33 0.75

dhry 1.09 1.17 0.63 0.96

fibonacci 2.20 4.55 2.14 2.96

savage 3.10 2.39 1.46 2.32

fft 3.32 2.73 1.57 2.54

doduc 1.60 2.42 1.54 1.85

li 6.66 5.15 2.99 4.93

AVERAGE 2.64 2.68 1.66

Table 4.8. Error for homogeneous workloads.  The table shows the average percentage error
for each benchmark and configurations C1, C2, and C3.
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Table 4.9 summarizes the errors for heterogeneous workloads. When benchmarks are

combined the instruction mix behaves more randomly, thus the errors we obtain are smaller.

For example, the combination of hanoi and fft  produces less error than either benchmark

considered individually. We also see that the performance of heterogeneous workloads in

some cases is better than the individual benchmarks. For example, when we run four streams

in configuration C2, the combination of hanoi-fft  has an IPC of 4.25 compared to 3.56 and

3.42 for hanoi and fft respectively.

benchmarks C2 C3 AVERAGE

hanoi - dhrystone 0.56 0.68 0.62

hanoi - fft 0.72 0.73 0.73

dhrystone - fft 1.36 0.80 1.08

fibonacci - savage 1.59 1.41 1.50

fibonacci - fft 3.92 1.37 2.65

AVERAGE 1.63 1.00

Table 4.9. Error for heterogeneous workloads.  The table shows the average percentage of
error for combinations of two benchmarks and configurations C2 and C3.

We tried our method with most of the SPEC'89 benchmarks to assess the differences

between prediction and simulation.  Figure 4.4 compares the simulation results to the

prediction results for the SPEC benchmarks running homogeneous workloads. In spite of the

assumptions of our analytic model, the prediction shows good correlation with the

simulation results, with a few exceptions. For example, matrix300 shows linear growth with

the number of streams until the performance saturates.  In fact, matrix300 spends more than

95% of the time in a small loop of only 5 instructions. We observed that instructions from

different streams coming from small loops tend to rearrange so as to produce a linear growth

with the number of streams. Thus, the behavior of matrix300 is more deterministic than

random. We have observed this behavior in a few small loops that have few instructions, for

example, double , short , and int  from the Byte benchmark set.
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SPEC benchmarks.
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eqntott espresso li doduc fpppp matrix300 spice tomcatv

skew  δ 0.557 0.247 0.198 0.314 0.284 0.464 0.202 0.183

integer 41.0± 4.2 50.9± 4.4 36.4± 6.5 17.3± 4.0 3.3± 4.8 1.4± 0.1 42.1± 6.9 5.2± 3.0

float 0 0 0 27.9± 4.8 35.6± 4.4 16.3± 0.5 2.5± 5.4 44.3± 16.

cr logic 0 3.3± 1.4 0 3.3± 1.4 0 0 0 1.7± 4.7

branch 36.3± 2.4 10.2± 3.1 25.4± 6.4 10.2± 3.1 2.1± 2.5 16.7± 0.4 20.1± 5.8 6.8± 7.4

memory 22.7± 5.1 41.2± 3.8 23.3± 6.1 41.2± 3.8 58.6± 0.3 65.6± 3.8 34.2± 5.1 42.0± 18.

Table 4.10. SPEC’89 characteristics. Skew, and percentage (mean ± std. deviation) of
each instruction type. Values were sampled at fixed intervals of 1600 cycles.

In most cases, the prediction is a lower performance bound because of the conservative

assumptions of the model. In some cases, for example tomcatv , the prediction is higher than

the actual performance.  The discrepancy in tomcatv  is caused by the program spending

some time in a loop followed by another loop. Thus, the two loops have different behavior;

an average technique cannot predict properly the performance. The high standard deviation

of tomcatv  reflects this behavior, as seen in Table 4.10. The best way to predict performance

in tomcatv is to divide the time spent by the benchmark in two sections, such that prediction

can be performed independently for the two sections; the instruction mix for each of the

sections is more stationary.  This technique can be applied to benchmarks such as whetstone ,

which runs consecutive timing loops, since the prediction using an average mix is quite

inaccurate•



58

5   A Multistreamed Instruction Issue Mechanism

The issue mechanism guarantees that instruction results are maintained according to a

sequential model of computation.  Thus, the mechanism deals with data, control, and

structural hazards for an adequate timing to correctly issue instructions to the functional

units.  We present a novel instruction issue mechanism for a distributed multistreamed

superscalar processor that addresses the following aspects:

• Components that can be shared by the streams or private to each stream.

• How data, control, and structural conflicts are resolved.

• The distribution of functions in the issue mechanism.

• Minimization of global interconnections, relaxing of synchronization constraints,

decoupling of instructions and data, and the use of the data locality principle, as

explained in sections 2.3.1 and 2.3.2.

• Minimization of global communication by using information compression.

• Implementation of precise interrupts.

• Implementation of speculative execution with instruction squashing.

• The variations in the mechanism as a result of tradeoffs in the design.

Since the imprecise interrupt problem could be caused by dynamic scheduling, it is

desirable to treat dynamic scheduling and implementation of precise interrupts together.

Also, the distributed nature of the processor needs a distributed approach for instruction

issue and implementation of precise interrupts.  We present an algorithm that is a variant of

Tomasulo’s algorithm [toma67] and the Dispatch Stack [torn84].  Our scheme eliminates the

need for a reservation station and storage for tags associated with each register.  However,

our scheme is limited to few functional units and streams because of the rising complexity of

the interconnection network.

Section 5.1 reviews the necessary background. Section 5.2 discusses the components of

the mechanism. Section 5.3 discusses the rules to issue instructions given many types of

conflicts.  Finally, Section 5.4 briefly discusses the implementation of precise interrupts at a

coarser-level.



59

valid tag data valid tag data tag
source 1 source 2 destination

Functional Unit

valid tag data
Register
File

Result Bus

Reservation 
Station

Figure 5.1. Hardware implementation for Tomasulo's algorithm.

5.1 Background

We briefly discuss the most relevant literature. For more information, the reader may consult

[dwye91,john91,kato92,henn90,hwu87,park91,smit88,sohi90,toma67,torn94,uht92].

Data Conflicts

Data dependency conflicts may occur when storage locations are reused.  Working

registers, memory locations, and special registers are examples of storage locations. For

example 1) an instruction may depend on a previous instruction if the second instruction

deposits data into a location read by the first instruction, 2) two instructions may update the

same storage location.  Conflicts of this sort need to be properly resolved.

Data conflicts occur when there are non-null intersections in the domain and range of

instructions. The domain X of an instruction is the set of objects containing data needed by

the instruction, and the range Y of an instruction is the set of objects modified by the

instruction.  Let S={1,2,..,N} be the set of instructions in the dynamic instruction stream

ordered by position in the dynamic instruction stream, where instruction i occurs before

instruction j if i < j .  Three data conflicts can occur: a) RAW (read-after-write) if Xj∩Yi≠∅,
b)  WAR (write-after-read) if Yj∩Xi≠∅, and c) WAW (write-after-write) if Yj∩Yi≠∅.

Tomasulo's Algorithm

Tomasulo's algorithm [toma67] uses data forwarding and register renaming techniques

to resolve data conflicts.  Figure 5.1 shows a block diagram of the hardware interconnection.

Each register has (valid , tag, data) fields.  The tag is a copy of the tag of the latest

instruction that will modify the register.  When an instruction issues, an identification tag is
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assigned from the tag pool, the new tag replaces the tag field of the destination register of

the issuing instruction, and the valid  bit is cleared.  The assigned tag returns to the tag pool

for future reuse when the instruction completes execution.

Each functional unit has a reservation station (RS). An instruction is dispatched to the

appropriate functional unit if there is an empty entry in its RS.  The (valid, tag, data) fields

of the instruction's source registers are sent to the corresponding entry of the RS. The

instruction can execute if all the source operands are valid ; otherwise, it will wait until this

happens. When an instruction finishes execution in a functional unit, the result data and tag

are broadcast to all RSs and the register file. If there is a match with any tag, the result data

is written into the data field of the matched entry, and the valid bit of the corresponding

entry is set. As a result, some instructions waiting in RSs become ready to execute.

WAW and WAR hazards are eliminated because all instructions that read a determined

register issue before a subsequent instruction that writes the same register. When an

instruction writes to a register, all previously issued instructions that read the same register

have copies of either the data or the reservation station's name that will produce the data.

RAW hazards are also eliminated by the sequential nature of instruction tag assignment.

Dispatch Stack

The dispatch stack (DS) [torn84] is a centralized scheme using an instruction window

for data dependency resolution.  In the DS, dependency resolution occurs before issue,

unlike Tomasulo's after  issue.  Data dependencies are checked with two usage counters (α,β)

for each register, representing the number of times that the register is designated as a

destination (α ) and source (β) register for the preceding but unfinished instructions.

Initially, the counters are set to zero. Each entry in the instruction window has several fields:

ITag OP S1 α S2 α D α β

The S1, S2, and D  fields represent the source and destination registers. The α(S1) and α(S2)

counter fields indicate the RAW data conflict, the α (D)  counter field indicates the WAW

data conflict, and the β(D)  counter field indicates the WAR data conflict.  These fields are

not simple storage, but counters. An instruction can issue from the window only if all of its

four counters are equal to zero.

When a new decoded instruction enters the instruction issue window, the α  and β
counter fields for the new entry are set with the current counter values of the corresponding
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registers. The α  and β counters of the corresponding registers are then incremented. These

incremented counter values are used for subsequent instructions. When an instruction

completes, register usage counters and the corresponding counter fields in the instruction

issue window are decremented.

A difference with Tomasulo's algorithm is the method of passing data from functional

units to waiting instructions. The DS passes data through the register file; Tomasulo's

algorithm forwards data to an instruction holding buffer (the RS).

Precise Interrupts

Interrupt execution is precise if the processor state can be reconstructed to the point of

the interrupt assuming a sequential computation model.  This means that all the preceding

instructions previous to the interrupting instruction executed and updated the process state

correctly but the interrupting instruction itself and its subsequent instructions did not affect

the process state.  Since an imprecise interrupt can leave the machine in an unrecoverable

state, an interrupt needs to be precise.

If all the instructions are forced to modify the process state in program order, the

interrupts are precise. However, this limits performance. For high-performance processors

where instructions can complete out-of-order, a hardware mechanism must be provided to

keep precise interrupts.

Reorder Buffer

The reorder buffer [pope91,smit88] is a queue to store results produced by instructions

that complete out-of-order. When an instruction is decoded, an entry is reserved for the

instruction and the index number of the reserved entry is attached to the instruction as a tag.

When an instruction completes, its result and error status are written to the corresponding

entry of the reorder buffer.  An instruction updates the architectural register file with its

result after all preceding instructions finished and updated the register file, thereby in-order

system updates are ensured.  The entry at the head of the reorder buffer is checked every

cycle. If its result is ready and there is no interrupt, the result updates the register file.

However, if the instruction is interrupted, the result as well as the result of all subsequent

instructions are discarded and the interrupt is handled.

The number of cycles from the time the instruction issues to the time its result updates

the register file can be large because of the in-order update. To avoid halting instructions

waiting for source data, results in the reorder buffer can be bypassed to functional units

before they are written to the register file.
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5.2 Components of the Issue Mechanism

5.2.1 Pipeline Structure

Figure 2.4 explains the hardware organization to support several instruction streams running

concurrently.  Instructions are brought by the fetch unit from the instruction cache and stored

in each of the stream prefetch buffers.  Instructions are sent to the window where the logic

determines data dependencies.  The scheduler dispatches instructions free of dependencies to

the appropriate functional unit provided structural hazards do not exist.  Instructions are

dispatched to the functional units through an issue interconnection network (ICN).

A modified RISC pipeline structure to process instructions in a multistreamed processor

is based on the following processing stages:

IF Instruction fetch and predecode. The instruction is brought from the instruction

cache and deposited into instruction buffers. Branches are detected. Predecoding

is performed for data dependency resolution in the next stage.

SC Instruction scheduling. Instructions dependencies are determined and resolved in

the instruction window.

ICN Instructions are forwarded to the appropriate functional units using the

appropriate interconnection network.

ID Instruction decode. Instructions are decoded in the functional unit; operands are

fetched from the data storage (for example the register file).

EX Instructions are executed.

WB Results are written back to the data storage.

5.2.2 Instruction Tag Unit

To maintain precise interrupts, a way to identify the sequential order of appearance of

instructions in the instruction stream must be used. Our algorithm assigns consecutive tags to

instructions. The tags are obtained from an instruction counter that is updated as new

instructions appear.  Using this unique tag, the sequential order can be reconstructed

regardless of the place where instructions and results are.

We use module arithmetic for tag assignment. Figure 5.2 shows that the relative modulo-

N order of instructions A, B, C is A > B > C, i.e. A occurs after B and B occurs after C in the
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Figure 5.2.   Example of tags in the instruction window.

instruction stream.  In several situations, it is not only necessary to identify if the instruction

tag matches any stored tag, but also to identify the relative order of two tags, namely an

instruction is classified as before, equal, or after  a reference instruction. This is an extension

to the match logic where the results of interest are equal , or not equal.

The module-N comparator is an ordinary arithmetic subtractor, provided that the

maximum tag distance is less than half of the window size, i.e. Max - Min < 2N-1,  where

Max  and Min  are the maximum and minimum instruction tags.  If this limit is exceeded

instruction decoding will stop until old tags are released.  A tag counter of four bits is

enough in most cases because it is unlikely that more than seven instructions are active at a

time. Note that in many situations it suffices to determine whether an instruction is before or

equal/after another instruction (or before/equal  or after), so only the most significant bit of

the subtractor is implemented.  Thus, the comparator can be implemented with majority

gates [mukh86], which can be embedded in the cell design.

The comparator logic is a key factor to reduce tag traffic, since communication is one of

the most important bottlenecks in superscalar processors. For example, a single tag broadcast

can invalidate a group of instructions whose tags are equal/after some reference tag.

5.2.3 General Block Diagram

Figure 5.3 shows an example of the multistreamed hardware for two streams and two data

types (integer and floating-point); instruction cache, data cache, and load/store units are not

shown. The block diagram contains four components: a) the control units where instructions

are stored and scheduled, b) the issue network used to forward instructions from the control

units to the data units, c) the data units where instructions are executed, and d) the signal

buses between the control and data units.
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Figure 5.3. Example of multistreamed hardware.

Each control unit has instruction buffers, an instruction window, branch predictor

hardware, and a instruction tag unit (not shown in the figure).  Each control unit

• Fetch instructions from the instruction cache and store them in instruction buffers.

• Predict branches and modify the instruction fetch target according to the prediction.

• Invalidate instructions and results of instructions that follow a mispredicted branch.

• Detect data dependencies (explained in Section 5.2.7).

• Forward instructions to the appropriate data units.

• Keep track and maintain the precise state of the instruction stream.

Each data unit has one or more functional units, a multistreamed architectural register

file, and one or more result buffers.  The data units

• Decode instructions, fetch operands, and execute instructions.

• Forward operands to instructions waiting for operands, using pipeline bypasses.

• Generate broadcast invalidation signals resulting from internal exceptions.

• Commit results to the architectural register file on command from the control unit.

The issue networks forward instructions from the control units to the data units. A

scheduling policy is used to issue instructions from all the streams, detect structural hazards,

and allocate functional units to instructions.
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Figure 5.4. The multistreamed result buffer.

Signal buses connect the data units to the control units.  The buses

• Return instruction tags to the control units once instructions complete execution.

• Broadcast commit signals to move results from the result buffers to the register files.

• Broadcast invalidation signals resulting from interrupts or mispredicted branches.

5.2.4 The Result Buffer

Result buffers maintain precise interrupts by holding intermediate results produced by the

functional units. Then, the intermediate results are committed to the respective architectural

register files which hold the precise state.

The scheduler must make sure that there is a free entry in the result buffer before an

instruction can be issued. The free entry is assigned to the issued instruction and marked

waiting.  Once the instruction result is ready, the result is stored in the entry and the entry

marked valid .  The result buffer releases the entry and updates the architectural register file

upon request from the control unit.  Figure 5.4 shows the fields of each entry.

• Status : Bits to indicate that the entry is valid, waiting, or free.

• ITag : tag of the instruction. This field uses comparative logic (see Section 5.1.6).

• RD: destination register. This field uses match logic.

• Data: instruction results.

The result buffer is a multiported design with many simultaneous accesses in a cycle.

Fortunately, the accesses to the reorder buffer can be prioritized such that ports can be used

for several functions. The priorities are (1 is the highest, 4 the lowest):

1) Store results. This is a high priority operation to avoid freezing functional unit pipelines.
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2) Read operands. Some operands needed by an instruction may be in the result buffer. To

bypass data, it may be necessary to check whether the operands of a decoded instruction are

available in the result buffer.

3) Update the precise state.  The control unit sends a message requesting the architectural

register file to be updated from the reorder buffer with all the instructions whose tag is

before the Itag . This operation can be delayed. However, it may increase the need to read

operands from the result buffer.

4) Invalidate entries. Instruction results are invalidated when exceptions (internal and

external) are produced or because of a mispredicted branch.

Sharing the result buffer among the streams has the advantage that while the number of

entries produced by each stream vary with the cycle, the total number of intermediate results

is approximately constant with the number of streams, i.e. it depends more on the number of

functional units that produce results.  This means that the utilization is more uniform than

the utilization of separate stream reorder buffers.

On the other hand, sharing increases the pressure from simultaneous accesses to the

result buffer.  The number of ports (read,write) of the multistreamed result buffer depends on

the number of functional units and the number of streams accessing it.  State-of-the-art

technology implements ten-port register files [hara92].  Given current technology limiting

the number of ports, it is unlikely than more than a few functional units are connected to the

same result buffer.  Also, the higher the number of functional units, the higher the

complexity of the data network needed to feed operands to the functional units.  A possible

solution to reduce the port pressure is to adopt a hierarchical connection scheme. For

example, a reduced number of streams share a few functional units; several units remain

private to each stream.  Also, a reduced number of functional units share a result buffer.

The result buffer is based on the reorder buffer [smit88]; however, the result buffer does

not need to be a queue, because of the ordering effect of the instruction tags.

The result buffer can resolve most of the data conflicts between instructions:

• WAW hazards are resolved because results are ordered by the instruction tag.  Note

that updating the architectural register file requires conflict resolution logic because

two or more instructions can be writing to the same register. In this case, the most

recent result updates the register file; other results are discarded.

• WAR hazards are resolved since results are ordered by the instruction tag.
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• RAW hazards are resolved in a limited form. An instruction may need to perform an

associative search for an operand in the result buffer. There could be results for that

register from instructions before or after the current instruction.  Instructions always

need data produced by the most recent “before” instruction. Thus, we limit the

number of “before” instructions to one, since the comparing logic can only tell if an

instruction is before or after another, not the relative distance between them.

5.2.5 Functional Units

Figure 5.5 shows a general block diagram for a functional unit in the multistreamed

processor. We assume pipelined functional units organized in groups that process the same

data type.  Each functional unit may use buffers for decoupling purposes. The buffers may

be used to decode instructions, or for more sophisticated functions such as reservation

stations. Functional units read operands from the architectural register file, the reorder

buffer, or (optionally) from bypasses connected to functional units. However, bypasses are

expensive to implement because 1) an array of N functional units needs N2 bypasses, and 2)

determining if a bypass contains the needed operand may require tag matching logic.

Functional unit pipelines do not have freeze logic in order not to compromise the

response time of individual streams in a multistreamed environment. DEC's Alpha [digi92]

is an architecture without freeze logic in the execution pipelines; this choice simplifies the

timing of the pipeline stages.  Thus, each pipeline produces results at a rate of one per cycle.

A result coming out from the pipeline is discarded if there is no waiting entry for the

corresponding instruction tag, Itag, in the result buffer.  This may happen if a previous
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Figure 5.6.   The stream window.

invalidation signal marks the entry free in the result buffer.  A buffer may be needed to store

temporarily the result if the write ports of the result buffer are busy.

If any error is produced, the functional unit broadcasts an invalidate signal to all data

sections and the stream control section, indicating that all the instructions "equal or after" the

faulting instruction are canceled.  As far as the data units are concerned, this is the only

action needed.  The control section decides at a later stage when to take the interrupt.

5.2.6 Stream Window

The stream window is the centralized issue control.  It decides about instruction issue and

maintains the precise state of the stream. The stream window accepts instructions from the

buffers. Branches are folded, i.e. they are removed from the instruction buffers so they do

not enter the window. The stream window is a queue that holds instructions in different

phases: stalled for dependencies, ready-to-issue, issued, and executed.  Executed instructions

are retired from the front of the queue to maintain the precise stream state.

Figure 5.6 shows the fields of each entry. Status  is the instruction status, Itag  is the

instruction tag, Type is the instruction type, F.U. op is the functional unit op code,

(RD,Rs1,Rs2) are the destination and source registers, and (R ,W) are the read and write

vectors (explained in next section).  The number of entries in the window depends on:

• The instruction fetch bandwidth, i.e. the maximum, average, and minimum number

of instructions that can be simultaneously fetched from the instruction cache.

• The number of functional units that can execute these instructions.

• The complexity of the register conflict circuit used for data hazard detection.

• Whether branch prediction/speculation is used across several branch levels.
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• The parallelism of the applications.

The complexity of the register conflict circuit grows rapidly with the increase in the

window size. Define N RAW(w), NWAW(w), and NWAR(w)  as the number of register RAW,

WAW, and WAR hazards among several instructions for a window of size w.  The total

number of hazards is NDH = NRAW + NWAW + NWAR. The size of the register conflict sets

for a typical RISC instruction with two source registers and one destination register is

NRAW(w) = w(w-1),   NWAR(w) = w(w-1),   NWAR(w) = w(w-1)/2

Therefore, the size of the register conflict set could grow to NDH=5w(w-1)/2.  As w increases

the hardware circuit complexity gets worse and/or the cycle time gets larger (tradeoffs can be

made); therefore, for simplicity of the design small windows sizes are typically chosen.

5.2.7 Determining the Register Conflict Set

Two instructions are register independent if no register dependencies exists between them.

A set of instructions is register independent if they are pairwise register independent.

Register independence is a necessary (but not sufficient) condition for the out-of-order issue

of instructions. Other dependencies related to hardware resources and storage operations

need to be considered.

We formalize the method developed by Dwyer [dwye91] for determining the register

conflict set. The conflict set is determined in two steps in the IF and SC pipeline stages.

Two binary vectors Ri and Wi are computed in the IF stage for each fetched instruction i :

Ri = ∨
uεUi

decode(u,S)

Wi = ∨
vεVi

decode(v,S)
(5.1)

Where Ui and Vi are the read and write register sets, ∨  is the bitwise-or operator, and

decode transforms a register binary code in a binary vector of length S, where S is the size of

the register file.  For example, if an instruction reads registers {4,6} and writes register 2,

and there are 8 registers, then (bit 0 is the MSB)

Ui={4,6}, Vi={2},   Ri=(0,0,0,0,1,0,1,0,0),   Wi=(0,0,1,0,0,0,0,0,0).

The register hazard vectors are computed in the SC  stage with the help of two

associative semigroup computations:

Wi, j = ∨
k=i

j
Wk , Ri, j = ∨

k=i

j
Rk , i ≤ j (5.2)
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Figure 5.7.  Computing the WAW and RAW register conflict set for a small window.

The register hazard vectors are determined as:

WAWi, j =
0, i ≥ j

W j ∧ Wi,.., j−1, i < j







RAWi, j =
0, i ≥ j

Rj ∧ Wi,.., j−1, i < j







WARi, j =
0, i ≥ j

W j ∧ Ri,.., j−1, i < j







(5.3)

An instruction j has a register WAW hazard if WAWi,j≠0  where i is the first instruction

in the window (i < j).  Similarly, an instruction has a RAW hazard if RAWi,j≠0, and a WAR

hazard if WARi,j≠0.  Note that there are two basic semigroup computations, since the RAW

semigroup vector can be computed from the Wi,j semigroup vector. We will show in Section

5.3 that only the W semigroup vector is needed. Figure 5.7 shows a single or-propagate

scheme to compute the RAW/WAW vectors that can be used for small window sizes.

5.3 Issue Mechanism

5.3.1 Issue Rules

We already mentioned the data dependency resolution properties of the result buffer. This

makes it unnecessary to solve many of the dependencies at the stream window. In particular,

there are only two situations when an instruction cannot or may not issue:
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R4   =   R1  +  R3

R1   =   R7  +  R8

R5   =   R1  +  R6

R1   =   R2  +  R3 can issue

may issue

can issue

cannot issue

I1:

I2:

I3:

I4:

Figure 5.8.  Example of dependency graph for a window of four instructions.

• An instruction cannot issue if there are a RAW hazard at the instruction and a WAW

hazard at the previous instruction, i.e. (RAWi,j≠0)∧(WAWi,j-1≠0), because at most

one result from a previous instruction can be in the result buffer (Section 5.1.5).

• An instruction may or may not issue if there is a RAW hazard at the instruction but

there is not a WAW hazard at the previous instruction, i.e. (RAWi,j≠0)∧(WAWi,j-

1=0). This depends on the available hardware resources. If the functional units have

reservation stations (RS), then the instruction may issue because the instruction may

wait in the RS until its operands are available. Even without RS, an instruction may

issue if the conflict involves only one register, i.e. if ((+/(RAWi,j)=1)∧(WAWi,j-

1=0)), where ‘+⁄’adds the elements of the vector. The instruction may issue because

the operand from the register in conflict may be obtained from a functional unit

bypass mechanism or from the result buffer.

Figure 5.8 shows an example of the issue rules for register dependencies.  Instruction I1

is the oldest instruction in the window.  I3 can issue in spite of the WAW and WAR hazards,

because the result buffers resolve these dependencies.  I2 may issue but it may need to wait

until R1 from I1 is computed.  Finally, I4 cannot issue because the result buffer holds two

entries for R1  and there is not way to determine that the needed data comes from the most

recent instruction I3 .
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5.3.2 Instruction Issue Format

The instruction issue format is kept to a minimum to simplify the issue networks. The

instruction format uses a maximum of 40 bits for a POWER instruction and two streams:

Stream Itag F.U. Op RD HS1 RS1 HS2 RS2/Immediate

• Stream, Itag identify an instruction from a stream (5 bits)

• F.U. Op: Functional unit operation code (6 bits).

• RD, RS1, RS2/immediate : destination and source registers. The second source operand

could be a 16-bit short immediate (5+5+16=26 bits).

• HS1, HS2: optional hint bits (one or two) indicating the location of a source operand.

The hint bits are optional because operands can be found by simultaneous access of the

register file and the result buffer. If the operand is not in the result buffer, then the operand is

in the register file.  The hint bits improve the efficiency of locating operands:

1) An operand k for instruction j is in the architectural register file if RAWi,j (k)=0,  where A(k)

is the k-element of vector A. This is true because the instruction that produced the operand

has completed, left the window, and updated the register file.

2) An operand k  for instruction j may be in the result buffer or in a pipeline bypass if

RAWi,j (k)≠0.

3) An instruction j with a RAW hazard on an instruction i may issue one or two cycles after

i, if the plan is to use a pipeline bypass. However, this requires additional counters in the

window to keep track of the number of cycles elapsed since the instruction issued.

5.3.3 Register Renaming

Register renaming is automatic in Tomasulo's algorithm since RAW, WAW, and WAR

hazards are resolved in the reservation stations.  Our issue rules limit register renaming. In

particular, instructions which overwrite operands can complete out-of-order, but instructions

that need the operands must wait in the presence of a conflict.

Better register renaming can be provided by adding a renaming field to the field

specifying a register.  Thus (D ,R) specifies a register in the result buffer, where D  is the

register field and R is the renaming field; however, only D updates the architectural register

file. For example, assume a one-bit renaming field (R=1) and that the following four

instructions in the window have a conflict in register R2  (Itag=1 is the oldest instruction)
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ITag Write Read

4 R2

3 R2

2 R2

1 R2

Instructions 1 and 3 write R2 , and instructions 2 and 4 read R 2 .  R 2  is identified in

instructions 2 and 3 with a '0' rename field. Since there is a WAW conflict at instruction 3,

the rename field for register R2 is changed to '1' for all subsequent instructions. Therefore,

instruction 4 can issue in spite of its RAW hazard and the WAW hazard at instruction 3.

However, subsequent instructions with conflicts cannot issue since the rename field length is

1-bit.  All the subsequent references to R2 will use ‘1’ for the rename field, until another

conflicts changes the rename field back to ‘0’.  Thus, the renaming field works as a counter.

5.3.4 Control Hazards

Branch instructions are usually folded or removed from the instruction buffers before they

enter the instruction window.  Instructions following a conditional branch whose outcomes

are not determined can conditionally issue to the functional units. All that is needed is to

record the Itag of the first conditionally issued instruction. If the branch prediction turns out

to be wrong, an invalidate signal for all the instructions equal/after the Itag is broadcast. This

scheme can be extended to an arbitrary number of speculated levels by keeping track of the

Itag  at each of the branch boundaries.

5.3.5 Memory Hazards

Performance can be improved by executing concurrently several memory instructions.

However, two or more load/store instructions executing out-of-order may have data memory

address conflicts. Since these conflicts cannot be determined in the window until the

instructions execute, a conservative approach would change the scheduling pattern to in-

order issue by considering the instruction type patterns. Many methods such as run-time

disambiguation have been proposed.  However, these techniques may not be too effective at

the object code level, because some new instructions may have to be inserted in the object

code to detect alias resolution.
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We can relax this conservative scheme if we assume that instructions are not self-

modified, thus only data dependency resolution is needed:

• Load  instructions can issue and complete out-of-order if there are not store

instructions in the window.

• Store instructions can issue out-of-order but need to complete in-order (write to

memory) to maintain the precise state of the stream.

• A load  instruction can issue only after all the preceding store instructions have

issued. After issue, the load  must wait until the effective addresses of the preceding

store instructions are computed.  Then, the load must check its effective address

against the effective address of the store instructions. If there is any conflict, the

load  stalls until all the store instructions with address conflict finish execution.  In

particular, the hardware is simpler if a load  issues only if there is at most one

preceding store in the window and the preceding store has stored its effective

address somewhere for the load to check for a memory conflict.  The reason is that

there could be more than one address conflict between the load  and two or more

previous  store instructions. With our tag comparing scheme, it is impossible to

determine if the load needs the data that correspond to the most recent store to the

same location.

The memory or cache must be updated in program order to keep precise interrupts.  This

is the function of the store buffer, with similar functions to a result buffer.  The fields in each

entry of the store buffer are

status Itag address data

Itag  is the tag of the store instruction (comparative logic). Address is the effective address

(associative logic). Status  indicates that the entry is valid, invalid, or reserved by a store that

has not finished computing its effective address.  Subsequent stores do not conflict, because

they are ordered by the Itag .  Subsequent loads compare their effective address looking for a

match with a previous store.  If there is a match, the load is delayed by inserting it in a

waiting queue. The load  can execute only after the data from the conflicting stores  are sent

to memory.



75

5.3.6 Exception Rules

There can be several exceptions produced by each stream as instructions execute. The

exception mechanism must recognize only the earliest exception and discard the remaining

exceptions. The exception mechanism resides in the control unit, where the sequential order

is recorded.  Internal interrupts are handled in this order:

1. If an instruction generates an error status, the functional unit processing the

instruction broadcasts an invalidation signal containing the instruction Itag.

2. The invalidation signal reaches the data units, where the results for the instructions

that have an instruction tag equal or after Itag  are annulled.

3. The invalidation signal reaches the stream window, where no action is taken if there

is at least one unfinished instruction preceding the faulting instruction.  Instead, the

error status is stored in the status field of the instruction with the same Itag. The

control unit may free the locations of all subsequent instructions and start fetching

the interrupt service routine.

4. The stream window takes action when the faulting instruction reaches the top of the

window, i.e. it is the oldest instruction in the window. The program counter (PC) of

the instruction is saved in a register and the PC takes the address of the interrupt

service vector. Thus, only the interrupt at the earliest instruction is serviced.

The reader may note that in step 4 the stream window could start dispatching out-of-

order instructions of the interrupt service routine before the exception reaches the top of the

window. However, the problem is that memory instructions from the interrupt routine may

use TLB entries that have not been updated. Thus, step 4 guarantees that the processor is

synchronized before the interrupt routine starts (the SYNCH instruction does the same).

External asynchronous interrupts are handled in a similar way to internal exceptions, the

only difference is that the oldest instruction in the window is associated with the interrupt so

fast interrupt service is guaranteed.  Branch squashing is handled in this order:

1. If the branch prediction turns out to be incorrect, the branch predictor broadcasts an

invalidate signal containing the branch Itag .

2. The invalidation signal reaches the data units, where all the results for the

instructions with tag equal or after Itag  are invalidated.

3. The invalidation signal reaches the stream window, where all the instructions with

tag equal or after Itag are immediately purged from the window.
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Instruction type Frequency

instruction

Exception Frequency

exception

Needs to be

precise ?

•most integer instructions

•unconditional branches

•resolved conditional branches

high no - -

speculated branches low yes low yes

integer division very low yes low language dependent

floating point medium optional low language dependent

load/store medium yes high yes

Table 5.1.  Classification of instructions by interrupts.

5.4 Relaxing Precise Interrupts

So far, our discussion has concentrated in the implementation of precise interrupts at the

finest-granularity, i.e. at instruction level.  The implementation of precise interrupts can

often be relaxed.  Many instructions do not produce interrupts, or asynchronous interrupts

such as Reset do not need precise state since they are catastrophic events.  Table 5.1 shows a

classification of instructions according to interrupts.  For example, floating-point interrupts

may not be precise because many languages, Fortran for example, do not provide a

mechanism for exception recovery for floating-point exceptions.  Processors such as Power

[groh90] allow the disabling of floating-point exceptions. The compiler must insert code to

check exceptions at intervals and execute repair code if needed. For example, the AIX

Fortran compiler inserts a trap 'barrier' instruction before an integer division. The trap tests

whether the divisor is equal to zero and traps to the operating system if this is the case. In

another example, the compiler can also insert special instructions to inform the hardware of

maintaining the precise state at some points. Typically, only load/store instructions produce

interrupts that need to be handled in hardware completely. Schemes can be devised to take

advantage of this fact.

The granularity of the interrupt implementation can be reduced. One idea is to consider

load/store and branches as interrupt barriers.  We can identify a block of instructions with a

single tag to reduce the issue granularity.  Table 5.2 shows an example.  Block 2 starts with a

memory instruction. Block 3 starts with the instruction following a conditional branch (BC)

so while the branch itself is completed, the instructions following the branch may need to be
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reexecuted if the branch is not properly predicted. Thus, a load/store is associated with a

barrier for its own block, while a branch is associated with a barrier for the next block.

Instructions associated with the first barrier, and before a second barrier, can issue out-

of-order.  Assume the instructions of the first barrier issue with the corresponding block tag.

These instructions are canceled if there is an exception.  The idea is to raise the barrier as

early as possible; for example, it can be determined if a load/store will produce a page fault

early in the address translation process.  If the barrier is raised, the instructions in the block

associated with the barrier can write results directly to the architectural register file. There is

no need to use a result buffer. However, the issue is restricted because RAW, WAW, and

WAR hazards must be determined in the instruction window before an instruction can issue,

because of the lower tag granularity.  This scheme still requires that the software inserts code

to check for floating-point exceptions and take corrective actions if needed•

group tag instruction

1 1 ADD R1,R2,R3

2 SUB R4,R5,R6

2 3 LOAD R1,R2

4 CMP R1,R2

5 MUL R3,R1,R2

6 ADD R3,R8,R9

7 BC GE,label

3 8 ADD R1,R2,R3

9 SUB R4,R5,R6

Table 5.2.  Example of tagging blocks of instructions.
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6   Performance Tradeoffs of Multistreamed Architectures

Integration of a group of processors on a single chip provides opportunities for better

utilization of resources.   A multistreamed processor is a group of processors in proximity

that time-share hardware resources such as the cache, instruction decoder, functional units,

the interconnection network, and the bus interface.

Hardware sharing causes extra overhead for scheduling, communication, and resource

conflict resolution.  Also, the interconnect network poses a significant problem as the

number of shared resources increases.  In some cases hardware sharing is advantageous. For

example, cache sharing simplifies maintaining data coherence in a group of caches.

However, the contention for the shared resources can cause performance degradation.

These examples illustrate that the optimal configuration of the multistreamed hardware

depends on many factors such as the workload characteristics, communication costs, and

implementation technology, to name a few.

We examine several of the problems of sharing different hardware modules. We assume

a small group of shared resources, such that the interconnection complexity is not

significant.  We propose solutions to reduce the extra overhead cost, and to improve the

performance degradation caused by sharing.  The aspects we consider are instruction

scheduling and cache sharing.

We present two studies of tradeoffs in a multistreamed superscalar processor. Section

6.1 studies the problem of instruction scheduling and proposes a novel arbitration scheme to

reduce the critical path delay.  Finally, Section 6.2 studies the problems of sharing the cache

and studies the performance of victim caching holding multithreaded contexts.

6.1 Scheduling Instructions

The scheduler is the hardware that dispatches instructions from the control section to the

data section. Scheduling instructions in a multistreamed architecture introduces overhead

and complexity to the dispatching mechanism, because 1) the streams need to use arbitration

hardware before they can use the functional units, and 2) an instruction dispatching network
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is needed.  While a detailed cost-performance tradeoff analysis can be done to determine the

best configuration, we concentrate in ways of reducing the overhead of multistreaming (for

example, reduction of the critical path delay) while still providing enough instructions to the

functional units to maintain them busy.

The objectives of an efficient dynamic scheduler for a multistreamed architecture are

summarized in two phrases: 1) provide an efficient issue mechanism when the processor is

running with a single thread, and 2) maintain an affordable instruction scheduling scheme

when multiple threads are running. This section concentrates on providing an efficient

instruction arbitration mechanism.  Our study does not consider the effect of the increasing

complexity of the instruction interconnection network; therefore, we are limited to use a few

functional units of each type.

6.1.1 Instruction Network

Each of the data types needs a specialized instruction network. The network for every data

type transports data among functional units and register files of the same data type.  The

instruction network sends several instructions per cycle to the functional units to maintain a

fast instruction issue rate.  Thus, the higher the number of functional units, the higher the

bandwidth of the instruction network needs to be. Two kinds of networks are commonly

used: bus and multistage interconnection network.  We assume a multistreamed computer

with four or fewer functional units such that a bus structure can meet the performance

requirements.

Figure 6.1 shows an example of an interconnection network with four integer units and

two floating-point units.  The objective of the scheduler is to send a long integer  instruction

word composed of four integer instructions to the integer units, and two floating-point

instructions to the floating point units.  In the figure, the maximum number of instructions

that each stream can issue is three, to limit the number of buses leaving each stream window.

The scheduling network uses a port architecture. The dispatcher transfers instructions

and tags from the stream window to ports that are gateways to the interconnection network.

There are four integer ports and two floating-point ports in Figure 6.1. Section 5.3.1

described the format used to carry instruction information (about 40 bits per instruction).

Thus, a bus of 160 bits feeds the integer functional units with instructions.

Each stream window arbitrates the use of a port for each ready-to-issue instruction.

Arbitration for the port is overlapped with instruction transfer to increase performance.  Each
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Figure 6.1. The scheduling network.

port has an associated instruction type.  A port may be free or busy, depending on whether

the corresponding functional unit is busy.

Instructions are sent to free ports.  Instructions are assigned ports based on precedence.

If the number of instructions to issue outnumber free ports of the right types, some

instructions are temporarily denied issue.

6.1.2 Single Stream Arbitration

We present a solution for arbitration of ports with a single stream. We assume that ports are

assigned using a precedence scheme. Two steps are needed for an instruction to use a port:

1) identify the instructions that may use ports of an instruction type, and 2) arbitrate the use

of these ports using a  priority scheme.

In our discussion we assume ports of a single type.  The matrix R characterizes the

requests for ports.  The status of ports of some type (free or busy) are characterized by the

free matrix F .  Arbitration produces the use matrix U, which indicates the assignments from

instructions to ports.

Formally, the request matrix R={Ri,n} indicates that instruction n is requesting port i .

F={Fi,n} indicates the status of the port i (free or busy) before instruction n is considered,

and U={Ui,n} indicates the assignation of instruction n  to port i.

Instructions and ports have assignment precedence. The instruction at the top (oldest) of

the window has the highest precedence.  We also assume that ports have assignment

precedence. The instruction of highest precedence issues through port i, where i is the lowest

port number that is free.  The instruction of second highest precedence issues through port j,
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Figure 6.2.  Wavefront computation cell for port arbitration.

where j is the lowest free port higher than i, and so on.  Inhibit lines are cascaded through the

arbitration logic to prevent simultaneous instruction issue through the same port.

The recurrence equations for arbitration are

Fi,n+1 = Fi,n Ri,n

Ri+1,n = Fi,nRi,n

Ui, n = Fi,nRi,n

(6.1)

The first equation indicates that port i will be free at instruction n+1 if the port is free at

instruction n , and instruction n  does not request the port.  The second equation indicates that

the request of instruction n  for a port will be propagated to port i+1  if port i is not free.

Finally, the third equation indicates that instruction n  will acquire port i, if the instruction

requested the port, and the port is free.

Figure 6.2 shows an implementation of the recurrence equations (6.1) using standard

CMOS NAND/NOR gates.  Note the alternating pattern of active low and high signals for

the requests and port status. This is to take advantage of a single gate delay per element.

Since the width of the window (number of instructions) is generally larger than the height

(number of ports), the circuit is optimized in the free direction.  Thus, the propagation gates

in the free direction are larger than the other two gates. Figure 6.2 shows the critical delay
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path in thick lines.  Each of the large gates in the critical delay path drives three gates: a

large one and two small ones (with less than half of the input capacitance of the large gate).

Thus, the fan-out of the large gate is less than two.

If the requests are computed with the help of the data dependency analysis network

shown in Figure 5.7, arbitration using the circuit of Figure 6.2 can be performed in parallel.

Computation is performed in a two-dimensional wave front manner, in the request and free

directions. Thus, the critical delay for both data dependency analysis and arbitration is

W+U+C gate delays, where W is the window size, U  is the number of functional units of a

particular type, and C is a small constant expressing the delay to determine the request from

the data dependency analysis.  For example, the critical delay for a window of size 8 (W=8)

and two functional units (U=2) is 12 gate delays:

• 8 gate delays for the RAW, and WAW vectors of the last instruction in the window.

• C=2 gate delays to generate a request from the RAW, WAW.

• 2 gate delays to propagate port assignments.

6.1.3 Multistream Arbitration

Multistreaming requires a larger arbitration network for all the stream windows. Thus, the

critical delay path is increased compared to single stream arbitration.

Figure 6.3 shows the interconnection of the stream windows for arbitration of the  ports.

The scheduler distributes the free vector F  to the stream windows.  Each stream window

uses an input multiplexer to take the stream's F vector from the previous stream window's

output F, or directly from the port's F  vector.  For example, the free vector F  is fed to stream

window 1 in a cycle, thus stream 1 has the higher priority in using the ports. Stream window

2 takes the F vector from stream window 1; thus, it has the second highest priority.  The F

vector is propagated until it reaches the last stream window. Thus, the last window has the

lowest priority.

The scheduler selects in each cycle the stream with the highest priority. The stream with

the highest priority will be allowed to arbitrate for all the ports serving the stream. The

remaining streams will be allowed to use the ports left free, following the priority chain. The

next section presents a technique for reducing the critical delay path for this scheme.
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Figure 6.3. Port arbitration in a multistreamed processor.

6.1.4 Reducing the Critical Path

Unfortunately, if we employ the propagation network proposed in Figure 6.2, the critical

path for the multistream arbitration of Figure 6.3 is several times the one for a single stream

arbitration.  The delay is 36 gate delays for a typical example with windows of size eight,

two functional units, and four streams.  To reduce the delay of the critical path we could

• Limit the number of stream windows for port arbitration in each cycle. For example,

two streams could be selected for arbitration in a cycle, chosen among the streams

with the highest number of ready-to-issue instructions.

• Arrange for each port to be used by a subset of all the streams.  For example, in

Figure 6.1 each integer port is used by at most three stream windows, thus reducing

the arbitration critical delay to three stream windows.

• Adopt a look-ahead scheme to reduce the critical path using redundant circuit.

6.1.5. A Look-Ahead Scheme for Arbitration

We discuss a look-ahead scheme for computation of the free vector. We want a solution that

separates the request matrix R from the free matrix F,  such that the requests for all the

streams can be processed in parallel as much as possible.

It can be shown that a solution of the recurrence equations (6.1) for the F matrix is

Fi,m+1 = Fi,n (Cn,m
(0) + Cn,m

(1) Gn,i−1
(1) +...+Cn,m

(i−1)Gn,i−1
(i−1) ), n < m (6.2)

where Cn,m
(i)  means that are most i instructions are ready-to-issue in the window of

instructions (n,m) and Gn,k
(i)  means that at least i ports are free before instruction n, in the set
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of ports starting with 1 and ending with k .  In other words, the equation says that port i will

be free after the group of instructions n ,n+1 ,..,m-1,m have been checked if the port was free

before (Fi,n) and either 1) there were no requests, 2) there was at most one request and at

least one port free among the group of i-1 preceding ports,..., i-1) there were i-1 or fewer

requests and at least i-1 free ports.

For example, the equations for four ports and a window of four instructions are

Gn,1
(1) = F1,n

    

Gn,2
(1) = F1,n + F2,n

Gn,2
(2) = F1,nF2,n     

Gn,3
(1) = F1,n + F2,n + F3,n

Gn,3
(2) = F1,nF2,n + F1,nF3,n + F2,nF3,n

Gn,3
(3) = F1,n ⋅ F2,n ⋅ F3,n

Cn,n+3
(0) = R1,n ⋅ R1,n+1 ⋅ R1,n+2 ⋅ R1,n+3

Cn,n+3
(1) = R1,n ⋅ R1,n+1 ⋅ R1,n+2 + R1,n ⋅ R1,n+1 ⋅ R1,n+3 + R1,n+1 ⋅ R1,n+2 ⋅ R1,n+3

Cn,n+3
(2) = R1,n ⋅ R1,n+1 + R1,n ⋅ R1,n+2 + R1,n ⋅ R1,n+3 + R1,n+1 ⋅ R1,n+2 + R1,n+1 ⋅ R1,n+3 + R1,n+2 ⋅ R1,n+3

Cn,n+3
(3) = R1,n + R1,n+1 + R1,n+2 + R1,n+3

F1,n+4 = F1,n (Cn,n+3
(0) )

F2,n+4 = F2,n (Cn,n+3
(0) + Cn,n+3

(1) Gn,1
(1) )

F3,n+4 = F3,n (Cn,n+3
(0) + Cn,n+3

(1) Gn,2
(1) + Cn,n+3

(2) Gn,2
(2) )

F4,n+4 = F4,n (Cn,n+3
(0) + Cn,n+3

(1) Gn,3
(1) + Cn,n+3

(2) Gn,3
(2) + Cn,n+3

(3) Gn,3
(3) )

In general, the number of instructions to consider is much larger than the number of

ports to assign.  In a typical case, there are eight instructions in the window and two or three

ports.  Thus, our strategy is to compute the vector C in each of the stream windows and then

propagate the F  vector using equation (6.2).

Fortunately, C  can be computed as the requests are generated using the counter circuit

shown in Figure 6.4.  The counter circuit is a variation of the tally circuit used in nMOS cells

[mead80,mukh86].  Each row j of the circuit becomes 1 if there are at least j requests. Thus,

C  is generated.  By exchanging AND with OR gates, the matrix C  can be computed directly.

A CMOS implementation can also take advantage of propagate/kill schemes, using a

combination of standard gates with transmission gates [mukh86].
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Figure 6.4.  Wavefront computation of the C vector.

Using this strategy, we can reduce the critical path of the arbitration for four stream

windows to less than the timing for two stream windows using propagation logic. The timing

is as follows:

1) The matrix C for each window is computed in parallel.  Also, the output vector F for the

highest priority window is computed in parallel.  This takes about W+U gate delays, where

W is the size of the window and U is the number of ports.

2) The output vector F  of the second window is computed from the output F of the first

window using equation (6.1).  This takes two gate delays for a typical case.

3) The output F  of the third window is computed from the output F  of the second window,

as in 2).

4) The use matrix U  for the four window is computed from the output F of the third

window and the internal matrix C.  This takes about two to three gate delays.

The circuit of Figure 6.4 can be used for other purposes as well. For example, the

scheduler could select two streams for arbitration of some port type if the streams have the

highest number of requests for the port type.  In this way, the scheduler is giving more

chance to those processes that need more resources.
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6.2 Multithreaded Cache

The speed gap between the processor cycle time and memory access time has continued to

grow in recent years.  Thus, processors rely on caches to reduce the penalty of memory

accesses.  However, the performance of a processor is severely reduced by the penalty

imposed by cache misses.

The penalty of a cache miss can be reduced by dynamically issuing instructions out-of-

order.  In a superscalar processor, a data cache miss does not necessarily stop issue of

instructions until the cache missed data is delivered from memory.  It may stop only issue of

the instructions that have data dependency on the cache missed load instruction, but the

processor can issue out-of-order subsequent instructions.  Also, the processor does not need

to wait for stores  that produce a cache miss. However, if the instruction-level parallelism is

low as suggested by some authors [joup89], it is very likely that many subsequent

instructions will depend on the stalled one therefore effectively stopping the processor until

the data comes from memory. Thus, the effect of cache misses on performance is more

significant for a superscalar processor because the number of instructions that might have

executed if a cache miss did not occur is proportional to the machine parallelism.

A multistreamed superscalar processor running independent instructions streams has

more availability of ready-to-issue instructions and therefore does not have to stall on a

cache miss; instruction streams that have not missed may continue accessing the cache. The

miss rate for a multistreamed architecture may be higher than the corresponding

uniprocessor miss rate.  However, if the cache design is lock-up free [chua90, krof81], then

the cache allows simultaneous accesses. For example, the cache can service a line refill

scheduled by a cache miss, while allowing access in parallel to different cache blocks.

While the multithreaded miss rate could be higher than the single-stream miss rate, the

performance can be higher, as well.  This explains why the miss rate is no longer the most

important performance metric in multithreaded caches; thus, we must look for alternative

metrics.

Hill classifies the misses in uniprocessor caches in four categories: conflict, compulsory,

capacity, and coherence [hill87]. Conflict misses are misses that would not occur if the cache

was fully-associative and had a true least-recently-used (LRU) replacement policy.

Compulsory misses are required in any cache organization because they are the first

references to an instruction or piece of data. Capacity misses occur when the cache size is
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not sufficient to hold data between references. Coherence misses are misses that occur as a

result of invalidation to preserve multiprocessor cache consistency.

Similarly, Agarwal [agar92] classifies the misses experienced by an application in four

groups: start-up effects, non-stationary behavior, intrinsic interference, and extrinsic

interference. Start-up is caused by initial execution of the program. Changes in the program's

working set cause nonstationary behavior misses. The size of the cache causes intrinsic

interference, i.e. cache lines owned by an application must be replaced because they conflict.

Multiprogramming causes extrinsic misses. Only the number of misses due to interference

(intrinsic and extrinsic) increases with a larger number of contexts in a multithreaded

architecture.

Sharing the cache has several advantages for multithreaded workloads:

• The need for maintaining duplicated information is reduced, thus the combined

working set of the multithreaded cache is smaller than the corresponding single-

thread caches.

• The potential ping-pong problems of false sharing in a shared-memory

multiprocessor are eliminated. The ping-pong problem occurs when the pattern of

access of several processors causes a cache set to be invalidated in each cache

periodically, as each cache tries to get ownership of some line.  False sharing occurs

when the data that processors access are not really shared but map to the same cache

line. This problem is specially severe for direct mapped caches.

• The cache utilization is improved because the cache can serve a miss while the cache

is being accessed by other threads. This assumes a lock-up free cache design. While

the miss rate of a multithreaded cache may be higher, the overall performance may

be higher.

On the other hand, there are severe disadvantages of sharing the cache:

• The software design goals may be diametrically opposed for shared or private

caches.  Sharing the cache encourages the use of false sharing to reduce miss rate.

False sharing should be avoided with private caches, even if special purpose cache

coherence hardware exists. This could lead to software portability problems for

multiprocessors that use combinations of shared/private cache.

• Sharing could lead to a very high extrinsic and intrinsic interference miss rate. The

higher miss rate could offset any performance gain of multithreading, leading to

contention and possible saturation of the bus used to service the misses.  The
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problem can be so severe that the multithreaded performance could be lower than

the single stream performance.

• Lock-up-free cache designs are more complex since there are simultaneous cache

accesses, all in parallel with line refills caused by misses. There is contention for use

of resources; conflict resolution hardware may increase the cycle time. This imposes

restrictions in the number of simultaneous accesses allowed.

We see that the optimal cache configuration depends on many factors, including the

workload. This section analyzes the cache and discusses some ways to reduce the miss rate

and/or bus traffic in a shared cache. While it is important to explore many tradeoffs of

shared/private caches, we concentrate on ways to reduce the problems of shared caches.

Finally, we discuss implementation technology for the possible use of an on-chip shared

primary cache. The expected size of the on-chip caches depends on the implementation

technology, with higher-speed technologies generally resulting in smaller on-chip caches.

Large caches may be more adequate than small caches for multithread sharing.  For

example, quite large on-chip caches should be feasible in CMOS but only small caches are

feasible in the near term for GaAs/bipolar processors. Thus, although GaAs and bipolar are

faster, the higher miss rate of multithreading from their smaller caches could decrease the

actual system performance compared to CMOS machines; their performance could be

dominated by the speed of the bus communicating with the secondary cache or main

memory.

6.2.1 Understanding Cache Degradation

A simple cache model helps to understand the adverse effects of increasing the number of

contexts on the cache miss ratio. Assume that each context uses a fixed 1/N  partition of the

total cache, instead of sharing the whole cache between the contexts. Therefore, the total

cache size is constant and each context will have a smaller cache for its own use as the

number of contexts increases. In reality, contexts may interfere constructively or

destructively on shared data. If they do not interfere at all, they might fit in the cache with

unequal partitions.

Empirical observations show that the miss ratio m  as a function of the size of the cache S

can be approximated by m= AS-K, where A and K  are positive constants that depend on the
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Figure 6.5.  Simulation of the cache with a model. The vertical axis shows the performance
in number of instructions per cycle (IPC).

workload [thie89]. The above miss ratio formula appears to be valid for caches between 1K

and 256K bytes under uniprocessor execution.  An expression for the miss ratio m  with N

contexts each using a cache of size S/N  has been proposed by Saavedra-Barrera [saav90]:

m(N) = A(S/N)-k = (AS-k)Nk = m(1)Nk,    for  N   ≤ m(1)-1/K 

where m(1)  is the miss ratio for one thread. K  is the cache degradation factor. Results

reported for three applications show K ranging from 0.1 to 0.6, with higher K corresponding

to lower initial miss ratio m(1). The model of cache degradation due to multithreading shows

that returns diminish as the number of threads becomes large.

Figure 6.5 shows the result of a simulation for a particular benchmark and configuration

of four functional units using this model for three different values of m(1)  and K. The results

for the ideal cache are shown as the point of reference. As shown, the performance increases

until it reaches a maximum after which the performance starts to decline because of a higher

miss rate. For some benchmarks with higher miss ratio and/or degradation factors, the

maximum that can be obtained is lower with a rapid decrease in performance as the number

of threads increase.

From this simulation, it is evident that multithreaded caches can only be used to hold a

small number of contexts. The optimal number of streams depends on factors such as cache

size, characteristics of the workload, to name a few.  For most workloads, the number of

threads that can share the cache is very reduced.
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6.2.2 Cache Behavior for a Small Number of Contexts

We present a study of the multithreaded cache behavior for a small number of contexts,

namely one, two, and four. We chose doduc, fpppp, eqntott, espresso, spice, and xlisp  from

the SPEC’89 benchmark suit. We ran multiple copies of the benchmarks; thus, each stream

has an independent data segment, while all the streams share the code segment. This is a

worse case for the data cache behavior since the data accesses can only interfere with each

other.

We ran simulations for the data cache. To isolate data cache effects, an infinite

functional unit configuration and a perfect instruction cache are employed.  Thus,

performance (IPC) is limited only by data dependencies and cache behavior. The data cache

is connected to the main memory through a data bus used to service cache refills. Cache

refills are non-split transactions that take 10 cycles.  We assume a perfect lock-up free data

cache design. The line size is 32 bytes, the cache is write-back and the replacement policy is

LRU.

The number of simultaneously active working sets in a multithreaded architecture is

higher than in a single thread cache. Thus, an increase in the associativity of the cache

reduces the conflicts, both intrinsic (within the thread) and extrinsic (between different

threads).  Figure 6.6 shows the simulation results obtained for cache associativities one

(direct-mapped), and four.

Since the miss ratio is not truly indicative of multithreaded processor behavior, we chose

the relative improvement of N threads over one thread as our performance measure. The

relative performance is defined as

R(N)= (IPCN - IPC1)/IPC1

where IPC  is the number of instructions-per-cycle, and N is the number of threads, i.e. two

or four.  Therefore, the maximum relative performance is 100% and 300% for two and four

threads, respectively, since there are  multiple copies of the same program with different data

sets in the data cache.  Note that the relative performance could be negative indicating worse

performance than a single-thread.

Figure 6.6 shows results for two (a,b) and four threads (c,d), and cache associativities

one (a,c), and four (b,d).  We chose 4, 8, 16, 32, 64, and 256 K bytes cache sizes as they

represent the range of primary cache sizes that can be found on existing processors.
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Our simulation shows very distinct patterns of cache behavior.  Doduc  and fpppp are

benchmarks that exhibit bad cache behavior (negative improvement) for small caches for

two threads, and even worse for four threads. Increasing the associativity does not affect

performance for small caches (4, 8, and 16 Kilobytes), but the improvement becomes very

significant for relatively large caches. Eqntott performance is acceptable for small caches; its

performance improves with increasing associativity but does not reach the maximum

predicted (100% and 300 %);  there is a secondary effect that reduces performance growth.

Spice  has an relatively acceptable small cache performance with a slow growth with the

cache size. Spice  performance is relatively unaffected by increasing associativity (except for

256 K).  Espresso has a relative good performance for small caches and improves

significantly with increasing cache size and associativity. Similarly, the performance of xlisp

improves with the cache size and associativity.

There is a positive correlation between the percentage of memory operations in the

instruction mix and the multithreaded cache performance. Table 3.3 in Chapter 3 shows the

instruction mixes of the benchmarks. For example, eqntott  and espresso  with 25%

load/stores have the best performance. Benchmarks with high percentage of load/store

(fpppp 59%, doduc  41% and xlisp  41%) have bad performance for small caches; however, an

increase in cache size dramatically improves their performance. Spice  is a benchmark with

33% load/stores with fair performance for small caches; however, its performance increases

slowly with the cache size. Thus, the performance of spice  is determined by the memory

access pattern.

Multithreaded loss of performance is not only due to cache interference but to contention

in the bus used to service the refills.  Figure 6.7 shows the average bus utilization for the six

benchmarks, for two/four threads and associativities 1, 2, and 4. As shown in the figure, the

bus is saturated (100% utilization) for four threads and small caches.  Bus saturation is

highly undesirable because the average memory latency for a refill increases significantly

when the bus is almost saturated.  The situation is even worse if we consider the bus traffic

generated by instruction cache which we have assumed ideal.

As shown in Figure 6.7, increasing associativity has the predictable effect of steadily

reducing the bus utilization. We can see that for one and two threads the reduction from

changing the associativity one to two is much greater than from two to four, indicating that

performance improvement will not grow beyond some given associativity value.  For four
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threads the situation is different since there is more need for higher associativity for the

increasing number of working sets.

Figure 6.8 shows the average extrinsic interference (between threads) for cache

associativities 1, 2, and 4, and two and four threads. The extrinsic interference is defined as

the percentage of misses produced by a thread replacing another thread's cache line. By

definition, the interference of the single thread is zero. As expected, increasing the

associativity has the steady effect of reducing the interference.

We observe that while increasing associativity helps for most benchmarks, some

benchmarks remain relatively unaffected, spice , for example. Also, there is the severe

problem of the negative improvements for small caches; in these cases it is better to have

private caches.  This suggests that new non-traditional approaches have to be examined to

improve multithreaded cache performance.
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6.2.3 Victim Cache

Jouppi [joup90] proposed the victim cache as a way to improve the performance of direct

mapped caches. Here we examine its performance for multithreaded contexts.

Even though direct-mapped caches have more conflict misses due to their lack of

associativity, their performance is still better than set-associative caches when the access

time costs for hits are considered. The direct-mapped cache is the only cache configuration

where the critical path is merely the time required to access a RAM.  The idea is to somehow

provide additional associativity without adding to the critical access path for a direct-mapped

cache to reduce conflict misses.  Conflicts misses account for between 20% and 40% of all

direct-mapped cache misses [hill87].

Victim caching is an improvement to miss caching [joup90] that loads a small fully-

associative cache with the victim of a miss and not the requested line. Victim caching places

a small fully-associative cache between a cache and its refill path. The small fully-

associative cache is loaded with the victim of a miss.
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Figure 6.9.  Organization of victim cache.

Figure 6.9 shows the organization of our victim cache.  The cache is effectively divided

in two sections to exploit both the spatial and temporal locality of the memory references.

The two halves are accessed in parallel. While the set portion of an address is used to access

a large direct mapped cache, the tag is compared (symbol ? ) with all the tags of the victim

cache. A memory reference hits if either of the two halves contain the corresponding tag. On

a miss, two separate replacement policies are activated in both caches. The line is replaced in

the direct mapped cache while the displaced line from the direct mapped cache goes to the

victim cache where it replaces the least-recently-used (LRU) line.  With victim caching, no

data line appears both in the direct-mapped cache and the victim cache.

Our victim cache is somehow different to the architecture proposed by Jouppi; in its

approach in the case of a miss in the direct-mapped cache that hits in the victim cache, the

contents of the direct-mapped cache line and the matching victim cache line are swapped.  In

our approach the cache line remains in the victim cache until it gets displaced because it is

the oldest reference. Our approach exploits the victim cache for both temporal locality and

store buffering.

The function of the victim cache is similar to the function of the store buffers already

employed in architectures such as the MPC601 [moto93].  The store buffers are used to store

cache lines invalidated by the cache coherence detector mechanism that monitor a snoopy

bus.  Victim caching reuses the store buffers for cache access. Thus, victim caching can be

seen as an extension to the use of store buffers.
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For example, the MPC601 has a memory unit with a write queue for buffering. Some

entries of the queue are dedicated to writing cache sectors to system memory after a

modified sector is hit by a snoop from another processor or snooping device on the system

bus, to guarantee that a high-priority operation receives a deterministic response when

snooping hits a modified sector; these entries obviously do not contain valid information in

the victim cache. The other entries of the queue which contain valid information are used in

a conventional way to store written back modified (dirty) lines that have been deallocated;

that is, when a cache sector is full, the least recently used cache line is deallocated by first

being copied into the write queue and from there to system memory if it is modified.  In the

victim cache, both dirty and non-dirty displaced elements are stored. Note that snooping can

occur after a sector has been pushed out into the write queue and before the data has been

written to system memory.  Therefore, to maintain a coherent memory, the tags in the victim

cache are compared to snooped addresses in the same way as the cache tags. If a snoop hits

an entry the data are first stored in system memory before they can be loaded into the cache

of the snooping bus master.

Figure 6.10 shows the performance of our six benchmarks for a direct mapped cache of

size 32K as a function of the number of entries in the victim cache. A data cache size of 32K

is typical of processors such as the RS6000 [groh90].  Once again we observe different

patterns for the benchmarks. We can see that a victim cache with 15 entries almost

completely masks the interference effects for two threads; the average improvement is close

to 96%.  For four threads the 15-entry victim cache brings a good improvement; the only

exception is spice , with a slow growth.  We again observe the odd behavior of eqntott , with

secondary effects that level off performance followed by a secondary improvement. A few

entries in the victim cache bring acceptable performance: six entries for two threads and

twelve entries for four threads.

Figure 6.11 shows the average performance improvement of the victim cache as a

function of the cache size. The figure shows results for 2, 4, 8, and 15 entries in the victim

cache used with direct-mapped data caches of different sizes. In spite of the dissimilar

behavior of the benchmarks, the figure shows the regular pattern of improvement of adding

more entries to the victim cache.  In general, smaller caches benefit the most from the victim

cache since the improvement is almost linear with the number of entries.  For mid-range

caches (32K), the improvement is almost logarithmic, i.e. doubling the number of entries

produces the same increase, approximately.
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Table 6.1 provides a performance comparison between the effect of the victim cache and

the effect of increasing the associativity in a conventional cache.  The table shows the

average number of entries in the victim cache needed to produce the same or better IPC than

the effect of increasing the associativity in a conventional cache.  As seen from the table, the

number of entries in the victim cache is small to produce the same effect. This is specially

true for small caches where the victim cache has more effect than the associativity of the

cache, because the size of the cache cannot simultaneously contain the whole working set of

all the threads. For large caches, there is not much difference between the victim cache and

the associativity since both have the same effect of reducing the number of conflicts in the

cache.  We see that a victim cache with four entries provides equal or better performance

than a corresponding cache with associativity four.  Furthermore, a victim cache with eight

entries can annihilate any performance degradation produced by multithreaded caches

holding up to four contexts.

cache Associativity 2 Associativity 4
size 1

stream
2

streams
4

streams
1

stream
2

streams
4

streams
4 1.7 1.8 2.5 2.5 2.5 3.8
8 2.2 1.8 2.7 3.0 2.5 3.8

16 2.2 2.7 3.0 3.2 2.8 3.7
32 1.5 2.3 2.5 1.8 2.8 3.2
64 1.5 2.0 2.3 1.7 2.2 3.2

128 1.2 1.5 1.8 1.2 2.0 2.2
256 1.0 1.3 1.5 1.0 1.5 2.0

Table 6.1. Average number of entries in the victim cache to produce the same effect
as increasing the cache associativity for one, two and four streams.

Victim caches can be useful as second-level caches, especially for small caches where

capacity misses are important. As the size of the cache increases, the percentage of the

conflict/compulsory misses is more important than capacity misses.  Since the number of

conflict misses increases with increasing line sizes, the large line sizes of second-level

caches also tend to increase the potential usefulness of victim caches.

A victim cache can contain many lines that conflict not only at the first level but also at

the second level. Thus, a first-level victim cache can also reduce the number of conflict

misses at the second level [joup90]•
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7   Conclusion

Recent superscalar designs use several functional units [whit93].  As the trend moves

towards integrating more functional units within the processor, designers face the challenge

of utilizing these additional resources effectively. Superscalar processors face limitations to

exploit the additional functional units due to the inherent limit of instruction-level

parallelism within a single instruction stream.  Multistreaming provides an alternative way to

improve the utilization of the superscalar processor with multiple functional units.

A multistreamed processor is provided with hardware support for a limited number of

streams.  Each stream uses a context frame, which is the collection of all the registers needed

to hold the context of a program, such as the program counter, register file, etc.  Therefore, a

limited number of threads can run simultaneously in the multistreamed processor.

Recent operating systems and parallelizing compilers provide multiple threads of

computation.  Integrating multistreaming within superscalar architectures is an effective

method for maximally exploiting the additional functional units needed for this new

generation of software.

7.1 General Architecture

Chapter 2 presented a general framework for the study of multithreaded, multistreamed,

superscalar processors. We  presented a classification of multithreading, namely coarse-grain

and fine-grain, according to the number of streams present in the processor. A stream is

defined as the hardware support needed to hold the running context of several threads

(activation), thus a stream has its own copy of register files (integer and floating-point) and

other special registers. Coarse-grain (blocked) multithreading uses one stream, and is used

mainly to hide long-latency memory operations. Fine-grain (interleaved) using several

streams (multistreamed) can improve both tolerance to memory latency and functional unit

utilization of the superscalar processor.  However, interleaving implies a higher cost in terms

of additional scheduling hardware and duplicated register files.



100

We also presented general architecture principles for building a multistreamed processor

using higher circuit integration. A processor with a higher clock rate is easier to implement if

global interconnections are minimized using the principle of locality of the functions,

namely the minimization of the communication among the different building blocks of the

processor.

7.2 Performance Evaluation

Chapter 3 presented a performance evaluation tool for Dynamic Superscalar Multistreamed

Processors (DSMP).

As more functional units are added within the processor, DSMP show that they can

make much more efficient use of the resources than single streamed, superscalar

architectures.  Our simulation results for a random schedule and single memory latency

show performance increases ranging from 31.5 percent for a base configuration to 284

percent for a configuration with many functional units.  DSMP processors provide good

tolerance to memory latency.  Our studies also show little impact of the schedule policy on

the overall performance, but large impact on the individual streams. Results show that

multistreamed superscalar architectures can achieve high processor efficiency given the

constraints of functional units, dependencies, and issue window size. Small window sizes

can be used to obtain adequate performance.

7.3 Performance Estimation

Chapter 4 presented an analytic technique for evaluating the performance of multistreamed,

superscalar processors.  Our results demonstrate that the technique produces accurate

instructions-per-cycle (IPC) estimates of the overall performance through comparison with a

multistreamed RS/6000 simulator.

The analytical technique provides a quick way to examine the many variations of an

architecture at a high level of abstraction.  The technique only requires simple descriptions

of the workload and architectural configuration as input parameters.  These parameters are

easily measured or estimated using tools that are commonly available.  In addition, the

simplicity of the model makes it easy to implement and much faster to execute than a

hardware simulator.
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Performance estimation is separated into two major parts: 1) model of structural hazards,

and 2) model of control and data hazards.  The rationale behind this division is that the

modeling of structural hazards is primarily dependent on the architectural (hardware)

configuration while the modeling of control and data hazards is primarily dependent on the

workload. We employ a Markov Chain for the model of structural hazards. Furthermore, we

split the Markov Chain modeling all the structural hazards in smaller subchains to reduce the

complexity associated with solving a large Markov Chain. Control and data hazards are

characterized by a histogram vector obtained from simulations for a single stream.

We presented analytic expressions for the saturation value for different schedules. The

saturation value is the maximum performance that can be achieved, given the characteristics

of the workload, the configuration in terms of functional units, and the characteristics of the

schedule.

Each instruction stream is interpreted as a random stream of instructions of each type.

The accuracy of the model depends on the assumptions that 1) the instruction mix is a

stationary process, and 2) instructions appear in the instruction stream in a random manner.

We presented two estimators (σ,δ) to measure the degree of closeness to these assumptions:

7.4 Multistreamed Instruction Issue Mechanism

Chapter 5 presented an issue scheme that resolves dependencies in a way which can be

considered intermediate between the Tomasulo after-issue algorithm and the Dispatch stack

before-issue  scheme.  The paper exposes some of the tradeoffs for dependency resolution

with logic located in different places of the processor. Communication between the different

components constitutes an important bottleneck in a design of a superscalar processor. Thus,

the communication needed to keep the scheme is reduced by the use of comparative logic

which can be considered an extension of ordinary match logic.

The design uses a distributed version of the reorder buffer because its functions are

assumed by the issue window in the control unit, and the result buffer in the data units. The

result buffer supports a limited form of register renaming which can be improved with

additional logic that keeps track of WAW hazards.  Another objective is to keep the logic

simple, regular, and amenable to VLSI layout to avoid long critical delay paths that reduce

the maximum achievable clock rate.  For example, functional units do not have freeze logic.
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Several authors treat speculative execution, precise interrupts, and instruction issue

separately. However, these aspects are interrelated, so that the methodology treats them in a

simple, unified manner.  The chapter mainly discusses the implementation of precise

interrupts at the finest granularity. However, there is a brief discussion of some of the

tradeoffs that can be done which reduce the hardware complexity at the cost of reducing the

granularity of interrupts.

7.5 Performance Tradeoffs

We discuss in Section 6.1 the problems of sharing functional units. In particular, we

concentrate on reducing the overhead caused by arbitration of functional units in a

multistreamed environment.  Our scheme is designed for a small number of functional units

and streams.  A high number of functional units and/or streams needs a more complex

interconnection network that probably is not cost effective because of the increased

complexity. In that case it would be better for each stream to share a reduced number of

functional units.. Only functional units with high implementation cost (area, for example)

could be shared by all the streams.

Section 6.2 discusses some of the problems of sharing a  cache by multiple contexts.  In

spite of the higher miss rate of multistreaming, the performance can be higher as well.

Instead of using the miss rate, we use the relative performance IPC improvement as our

performance metric.   Small caches are probably not adequate for sharing because of the

working set size of multiple threads.  Bigger caches, which experience more conflict than

capacity misses, are more amenable for sharing.  We also show the improvement of adding a

small victim cache to exploit both spatial and temporal locality of the memory references.

Victim caches are shown more effective in improving performance than a corresponding

increase in the cache associativity.
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