
Abstract
Ensuring back-to-back execution of dependent instruc-

tions in a conventional out-of-order processor requires
scheduling logic that wakes up and selects instructions at
the same rate as they are executed. To sustain high perfor-
mance, integer ALU instructions typically have single-
cycle latency, consequently requiring scheduling logic with
the same single-cycle latency. Prior proposals have advo-
cated the use of speculation in either the wakeup or select
phases to enable pipelining of scheduling logic to achieve
higher clock frequency. In contrast, this paper proposes
macro-op scheduling, which systematically removes
instructions with single-cycle latency from the machine by
combining them into macro-ops, and performs nonspecula-
tive pipelined scheduling of multi-cycle operations. Macro-
op scheduling also increases the effective size of the sched-
uling window by enabling multiple instructions to occupy a
single issue queue entry. We demonstrate that pipelined 2-
cycle macro-op scheduling performs comparably or even
better than atomic scheduling or prior proposals for select-
free scheduling.

1. Introduction & Motivation
A major obstacle to building high-frequency out-of-

order microprocessors is the instruction scheduling logic
because wakeup and select operations are not easily pipe-
lined in conventional designs. This difficulty is com-
pounded by the trend of deeper pipelining and the ever-
increasing performance gap between memory system and
processor core, which requires larger instruction queue
structures to tolerate long latency operations; this may pro-
hibitively increase the complexity and circuit delay of
scheduling logic. Given these constraints, naively scaling
conventional scheduling logic is impractical, as it will fail
to meet both architectural and circuit requirements at the
same time. To address this problem, many researchers have
proposed several techniques for either reducing scheduling
logic complexity or scaling the instruction window without
severely affecting the cycle time.

This paper also proposes a technique to achieve similar
benefits, but looks at the problem from a different perspec-
tive. Specifically, we explore the design space of instruc-
tion scheduling logic, evaluate benefits when varying the
granularity of the scheduling unit in the scheduling logic,
and expose a greater opportunity at a different level by
relaxing the constraints imposed by instruction-centric
design. Figure 1 depicts a spectrum of the scheduling logic
design space at different granularities. In conventional

designs, scheduling decisions occur at instruction bound-
aries and issue queue entries are allocated per instruction.
As a finer-grained approach, there have been proposals for
operand-granular scheduling logic that prioritizes operand
wakeups and decouples half of the tag matching logic from
the wakeup bus to reduce the load capacitance [4][5].
These techniques enable the wakeup logic to operate at a
higher frequency with minimal performance impact. As a
coarser-grained approach in the opposite direction, the
AMD K7 and the Intel Pentium M have adopted tech-
niques to allow an issue queue entry to accommodate mul-
tiple micro-ops as a form of fused operations for certain
types of x86 instructions [6][18]. Original micro-ops are
loosely coupled in a fused operation from the scheduler’s
perspective; they are scheduled individually according to
the readiness of corresponding source operands. This
approach is effective in reducing contention in issue queue
as well as other portions of pipeline.

Going a step further from reduced issue queue pressure
achievable at a coarser-level queue management, the atom-
icity of wakeup and select operations can be relaxed by
increasing the scheduling granularity from single to multi-
ple instructions. We propose macro-op scheduling that
transforms a series of instructions into a multi-cycle sched-
uling unit that we call macro-op (MOP), and performs
pipelined scheduling of multi-cycle operations while the
processor core still executes dependent instructions con-
secutively. Combined with the relaxed scalability con-
straint due to reduced issue queue pressure, this technique
can achieve comparable or even better performance than
atomic scheduling while enabling the reduced complexity
of pipelined scheduling logic.

The rest of the paper is organized as follows. Section 2
describes the base pipeline and scheduling model used in
this paper. Section 3 presents an overview of macro-op
scheduling. Section 4 characterizes the suitability of
instructions to be grouped into MOPs. Section 5 gives a
detailed explanation of macro-op scheduling logic. Section
6 provides a performance evaluation of macro-op schedul-
ing. Section 7 reviews other related work. The main con-
clusions are summarized in Section 8.

2. Machine Model

2.1. Pipeline Overview
The base machine model is a conventional superscalar

out-of-order processor. Figure 2 illustrates the pipeline
structure used in this paper. After instructions are fetched
and decoded, the source and target register identifiers are
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