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Abstract

This paper presents an experimental study on the performance of the Intel Pentium Pro micropro-
cessor using embedded performance counters. The counters enable detailed run-time analysis of
branching and memory subsystem performance, and are accessed through a custom designed tool.
The study uses Windows NT and realistic benchmarks including BAPco’s Sysmark32 suite, the
Ziff-Davis Winstone97 PC Benchmarks, and selected Spec95 integer benchmarks. The results
show that the Pentium Pro memory subsystem and branch prediction are performing well, but the
UOP per cycle and IPC numbers are low. The Pentium Pro counters are not able to record enough
information about the core of the CPU to analyze the reasons behind the low UPC, but we make a
conjecture that the data hazards present between instructions and UOPs are the cause for the poor
performance. A wish list of counter events that would enable a more complete analysis is provided.

1.0 Introduction

As microprocessors continue to develop from application specific machines to enormous general
purpose systems, comprehensive performance analysis is becoming increasingly more important.
Post silicon performance analysis is crucial to the design of future generation microprocessors.
Existing silicon allows the architect to run vast numbers of instructions through real systems, pro-
viding true run-time execution of application software. However, post silicon analysis has always

been limited by the lack of visibility into the architecture provided by the pins.

In the past, architects used logic analyzers to gather traces of pin behavior between the micropro-
cessor and memory or between modules in multiple chip microprocessors. This method seemed to
provide insight into the behavior of systems, but left more questions than answers [Clark85,
Clark88]. It also misled the architect during analysis of systems, due to a lack of visibility into the
explanations of the observed behavior. More recent research addresses the visibility problem by
using detailed microarchitecture simulators to reach into the behavior of microprocessors
[Diep95]. Unfortunately, these simulators are severely limited by the number of instructions that
can be simulated in a given amount of time, and it has also been shown that these microarchitec-
ture models are not as accurate as the designer may suspect [Black96]. None of these methods can

provide a complete analysis of post silicon microprocessors.
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The current generation of microprocessors provide event counters built directly into the hardware.
These counters allow the architect to count events inside the microarchitecture, providing great
insight into the dynamic behavior of a software application on the hardware. [Cvet94, Chen96]
used such on chip event counters to successfully measure operating system impacts on hardware

and memory subsystem behavior.

This paper discusses the use of these counters on an Intel Pentium Pro system. We propose and
walk through a detailed analysis methodology based on the event counters, and present count
results that reveal the bottlenecks of the Pentium Pro beyond the memory subsystem. Section 2.0
starts the discussion with a description of the hardware platform used in this analysis. It includes a
description of the Pentium Pro, its counters, and the tool we developed to gain access to these
counters. Section 3.0 outlines the different benchmarks used in this analysis and the motivations
for their selection. Section 4.0 presents the results of our counter analysis, and Section 5.0 dis-
cusses an ideal set of counters that would allow a more complete microarchitectural analysis. Sec-
tion 6.0 concludes with a discussion of the effectiveness of this type of microarchitectural

analysis, and a discussion of the bottlenecks we found in the Pentium Pro microprocessor.

2.0 Hardware Platform

This work utilizes the Intel Pentium Pro microprocessor and its built-in event counters. A brief
description of the Pentium Pro is provided in Section 2.1. For a more detailed description refer to
[Colwell96], the Intel web site [Intel96a] or the Pentium Pro user manual [Intel96b]. The hard-
ware test platform is a 200 MHz Pentium Pro PC with 64MB of non-interleaved 60ns fast page
mode RAM, a 1.6GB EIDE disk drive, and an ATI WinTurbo graphics card with 2MB of VRAM.

I developed a custom Windows NT application to control counter access, and it is discussed in
Section 2.3. Section 2.2 outlines the counter events that are used in the analysis in Section 4.0,

and Section 2.4 discusses some caveats found in the data collection process.
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2.1 The Pentium Pro

The Pentium Pro microprocessor utilizes a superpipelined superscalar microarchitecture. It sand-
wiches an out-of-order execution core between in-order fetch and in-order completion stages. Fig-

ure 1 provides a high-level illustration of the microarchitecture.
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Figure 1: Pentium Pro Microarchitecture

The Pentium Pro has several units that sequence instructions through the microarchitecture:

o Instruction Fetch Unit (IFU): The IFU includes an 8KB Level 1 instruction cache and next
fetch address generation hardware. It fetches one cache line at a time and sends it to the
instruction decode unit.

e Instruction Decode Unit (IDU): The instruction decode unit handles all branch prediction,
resource allocation (rename registers, reservation stations slots, and reorder buffer entries), and
decodes the x86 instructions into RISC like micro-ops (UOPs). The IDU is capable of decod-
ing three simple x86 instructions simultaneously or one complex instruction and two simple
ones. If a simple decoder receives a complex instruction, there is a stall. Branch prediction is
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performed by a 512 entry two-level adaptive branch target buffer (BTB). If a branch is mispre-
dicted there is a penalty of 9-15 cycles while the CPU is flushed. If a branch is taken and pre-
dicted correctly there is a one cycle penalty.

e Reservation Station (RS): The centralized reservation station can store 20 UOPs and has 5 read
and 5 write ports that support multiple functional units. Data forwarding from each functional
unit to the reservation station is supported, and UOP issuing is fully out of order.

¢ Reorder Buffer and Retirement Register File (ROB & RRF): The reorder buffer can hold 40
UOPs. It maintains the program order of the UOP flow and reconstructs the UOPs into x86
instructions for atomic retirement. The retirement register file maintains the architectural state
of the x86 registers.

e Data Cache Unit (DCU): The DCU includes a 8KB Level 1 data cache.
e Level 2 Cache (Level 2): The Level 2 cache is 256KB.

2.2 Pentium Pro Event Counters

The event counters on the Pentium Pro consist of two 32-bit configuration registers and two 40-bit
count registers. These registers are accessed via the Ring 0 assembly instructions RDMSR and
WRMSR. The configuration registers store information telling which event is being counted, and
under what conditions. Each counter can be configured to count in supervisor mode, user mode,
or both user and supervisor mode. For events with multiple occurrences in a single cycle, the con-
trol registers can specify a threshold count condition, where the counter will not increment until
the threshold condition is met. Counter events used in this paper are listed in Table 1 below. For a

more complete description of the on chip event counters refer to the user’s manual [Intel96b].

TABLE 1. Pentium Pro Counters

Category Counter Description
Data Cache | DATA_MEM_REFS Counts all memory references to the DCU
Unit (DCU)
DCU_LINES_IN Total lines allocated in the DCU
Instruction IFU_IFETCH Counts total number of instruction fetches
Fetch Unit
(IFU)
IFU_IFETCH_MISS Counts the number of instruction fetch misses
ITL.B_MISS Counts the number of instruction TLB misses
IFU_MEM_STALL Total number of cycles the instruction fetch pipe stage is
stalled
ILD_STALL Total number of cycles the length decoder is stalled
Level 2 L2_IFETCH Total number of Level 2 instruction fetches
Cache (L2)
L2_LD Total number of Level 2 data loads
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TABLE 1. Pentium Pro Counters

Category Counter ljescription
L2_ST Total number of Level 2 data stores
L2 _LINES_IN Total number of lines allocated in the Level 2
L2_RQSTS Total number of Level 2 requests
Floating FLOPS Number of computational floating point ops retired
Point Unit
MUL: Number of floating point multiplies
DIV Number of floating point divides
Memory LD_BLOCKS Total number of store buffer blocks
Ordering
SB_DRAINS Total number of store buffer drain cycles
Instruction INST_RETIRED Total number of instructions retired. Threshold control
Decoding enables counting of number of times 1, 2, or 3 instruc-
and Retire- tions are retired.
ment
UOPS_RETIRED Total number of Uops retired. Threshold control enables
counting of number of times 1, 2, or 3 Uops are retired.
INST_DECODER Total number of instructions decoded
Branches BR_INST_RETIRED Total number of branch instructions retired
BR_MISS_PRED_RETIRED Total number of mispredicted branch instructions retired
BR_TAKEN_RETIRED Total number of taken branches retired
BR_MISS_PRED_TAKEN_RET | Total number of taken mispredicted branches retired
BR_INST_DECODED Total number of branch instructions decoded
Stalls RESOURCE_STALLS Total number of cycles with resource related stalls
Clocks CPU_CLK_UNHALTED Total number of cycles during which the processor is not
halted

2.3 Windows NT Event Counter Interface Tool

The tool consists of a Windows NT 3.51 device driver and a 32 bit Windows NT application. The

driver is necessary because the assembly instructions that control the counters can only be exe-

cuted in Ring 0. The application provides a simple interface and benchmark database services.

Figure 2 displays the graphical user interface of this tool.

The tool is designed to enable a user to easily control all aspects of the counters by using buttons

and dialog boxes. Besides the friendly user interface, this tool has two primary functions. First, it

fully implements the Pentium Pro event counter features described in Section 2.2. Second, it pro-

vides complete data management functions to load, save, print, and modify benchmark sets and

counter suites.
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When using the tool, the user simply enters the applications to be analyzed, the events to be
counted, and the conditions the events are to be counted under (system, user, etc.). Then when the
Start tests button is pressed, the tool separates the events into pairs and runs each benchmark mul-

tiple times, until all desired data is gathered.
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Figure 2: Event Counter Interface Tool

To ensure consistency, a small set of tasks, outlined in Section 2.4, are performed between each
benchmark execution. As a further test, we measured the overhead of the event counter tool by
gathering all count data for a void program (main() {}). The overhead of the event counter tool

turned out to be negligible as compared to the length of the benchmarks executed in this analysis.

2.4 Tool Caveats

The event counters can simultaneously count only two events. Due to this constraint, several exe-

cutions of each benchmark are required to gather the desired data. It is important, therefore, to

Pentium Pro Performance Analysis 6






