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Abstract

The conventional classification of inter-instruction depen-

dencies (data, anti and output dependencies) provides a
basic scheme for the analysis of pipeline hazards in pipe-
lined instruction set processors. However, it does not con-

sider the relative spacial positions of micro-operations in
the pipeline, thus providing limited hints to hardware
designers and compiler writers about the hazard resolution
in generalized pipeline structures. In this paper we pro-

pose an extension to the conventional classification of
dependencies, which is capable of encapsulating the spa-

cial/temporal relationship and providing precise hard-

ware/software resolution strategies. The extension is
derived by differentiating each class into three sub-classes:

forward, stationary, and backward, according to the regis-

ter access patternsin the pipeline.

Hardware and software resolutions are associated to each
class of dependency. These resolutions include forwarding
and duplicate registers in the micro-architecture and
instruction reordering (up/down) in the compiler back-end.

With the extended classification and its associated hard-

war e/software resolution strategies, we are able to system-

atically analyze the potential register-related pipeline
hazards for a given pipeline structure, deter mine appropri-

ate resolution strategies, and explore the tradeoff between
hardware and software complexities. The methodology
enables the systematical synthesis of high performance
pipelined micro-architectures, and is useful to derive the
back-end of the supporting compilers.

Keywords: inter-instruction dependency, pipeline hazard
resolution, high level synthesis, compiler back-end genera-
tion, hardwar e/softwar e tradeoffs

1. Introduction

We will present an extension to the conventional classi-

t. Thiswork was supported by the DARPA under con-
tract No. J-FBI-91-194.
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fication of inter-instruction dependencies for pipelined
instruction set processors (ISPs). We will show how it can
be used to help design automation systems to improve the
throughput of synthesized pipelined | SPs as well as to gen-
erate an interface to the compiler back-end so as to explore
the hardware/software design space.

Pipelining is a well-recognized technique to improve
system performance by pursuing instruction-level parallel-
ism (ILP). However, the efficiency of pipelining is often
defeated by pipeline hazards, which prevent instructions
from being fired at the maximal rate. There are two catego-
ries of pipeline hazards: structural and data dependent1
[4][11]. The structural hazards can be resolved by allocat-
ing sufficient hardware. However, the data dependent haz-
ards, caused by inter-instruction dependencies in the
instruction stream, require more careful consideration in
both hardware and compiler back-ends. In this paper we
will focus on the detection and resolution of the data
dependent hazards.

Conventionally, the data dependent hazards are associ-
ated with a class of three inter-instruction dependencies:
data, anti, and output dependencies (or read-after-write,
write-after-read, and write-after-write, respectively) [9].
Although this classification provides helpful insight into
the understanding of detection and resolution of hazardsin
some simple pipeline structures such as typical five-stage
F-D-E-M-W (fetch, decode, execute, memory access, reg-
ister write back) machines, it is not powerful enough for
general pipeline structures. In general pipeline structures
such as pipelined CISC architectures, register accesses
may happen in many pipeline stages in order to support
multiple-cycle instructions. For example, consider a seven-
stage ISP shown in Figurel. Suppose that the instruction

1. Thereisathird category control hazard defined in [4]. A
control hazard involves the change of the program flow,
which is due to the change of program counter’ svalue. If we
treat the program counter as one of the regular registers, then
the control hazards can be encapsulated as a specia case of
data dependent hazards.
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semantics and the pipeline implementation require that
instruction inst1 write to register X in stage 4 (Figure 1 (a)),
and instructions inst2 and inst3 read register X in stages 3
and 6, respectively (Figurel (b) and (c)). Under this condi-
tion, both the instruction pairs instl-inst2 (inst1 followed
by inst2) and instl-inst3 (instl followed by inst3) exhibit
data dependency on register X. However, only the former
pair causes a pipeline hazard, which forces the pair to be
separated by one nop as shown in Figure2 (a). The latter
pair does not cause any pipeline hazard; instead, this pair
can be scheduled as in the non-pipelined case. This even
allows inst3 to be moved ahead of instl and still retains the
correct semantics, as shown in Figure2 (b). An example of
thiscaseiswherea‘ compare’ instruction generates the sta-
tus bit at the fourth stage, and the following ‘ branch’
instruction checks the status bit at the eighth stage. This
feature gives the possibility of scheduling the * branch’
ahead of the ‘compare’ . A technique called ‘ prophetic
branch’ was developed to take advantage of this feature
[14].

This observation motivated us to develop an extension
to the conventional classification of inter-instruction
dependencies, based on the register access patterns in the
pipeline. In the extension, each class of dependency
defined in [9] is differentiated further into three classes:
forward, backward and stationary. For each class of
dependency we are able to associate with it applicable
hardware and/or software resolution strategies, including
forwarding and duplicate registers in hardware, and
instruction reordering (up and down) in compiler back-
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ends. The extension and its hardware/software resolutions
provide a better understanding of pipeline hazards in gen-
eral pipeline structures and a systematic approach to the
analysis of hardware/software tradeoff in pipeline hazard
resolution.

To validate the potential contribution of our extension,
we found an interesting application in high level synthesis
(design automation) for pipelined ISPs. The basic task of
high level synthesis for pipelined ISPs is to generate a
pipelined micro-architecture from a behavioral (sequential)
description of any given instruction set specification (either
RISC or CISC styles). However, due to the limited power
of pipeline synthesis techniques currently available, the
automatically synthesized pipelined 1SPs can not achieve
the same throughputs as in manually designed onesin most
cases, as pointed out in [2] and [5]. The key bottleneck is
the lack of a thorough understanding of pipeline hazards
with respect to the inter-instruction dependencies and the
possible resolution strategies. Our proposed classification
helps bridging this gap. And since our resolution strategies
include both hardware and software, a high level synthesis
system incorporating our method is able to synthesize both
pipelined micro-architectures and interfaces to compiler
back-ends. This approach makes it possible to explore the
hardware and software design spaces simultaneously.

The rest of the paper is organized as follows. Section 2
presents the extended classification of inter-instruction
dependencies. Section 3 associates each class of depen-
dency with applicable hardware/software resol ution strate-
gies. Section 4 describes an application of our
classification to high level synthesis. Section 5 shows some
experiments with automatically synthesized |1SPs based on
the proposed classification. Section 6 concludes with a dis-
cussion of the contributions and limitations of the current
work, and some future directions in how to extend our
work for superscalar processor designs.

2. Theextended classification of inter-instruc-
tion dependencies

Data dependent pipeline hazards are caused by inter-
instruction dependencies. To resolve a hazard, we have to
determine the type of dependency it involves and choose
an appropriate resolution strategy. We first provide a clas-
sification of inter-instruction dependencies that consists of
nine classes, derived from the cross products of <forward/
backward/stationary> and <data/anti/output>.

The general model of the pipeline structures that we
consider in this paper is asingle pipeline, with linearly cas-
caded stages and constant stage latency?. This model is

2. Thestage latencyis the number of clock cyclesthat an
instruction spendsin one pipeline stage before it advances to
next stage.



similar to the pipelined SISD machine model defined by
Kogge in [11], with the extension that the execution phase
of instructions allows multiple register accesses and ALU
operations. These operations may span multiple pipeline
stages. For simplicity, we assume a pipelined machine with
one-cycle stage latency throughout this section. With this
assumption, a micro-operation of an instruction executed at
its C’" th cycle belongs to the C’ th stage of the pipeline. The
generalized case being stage latency of multiple cycles will
be discussed in Section 3.

2.1. Definitions

To make the following discussion valid, we assume that
a pair of dependent instructions travelling along the pipe-
line closely enough such that the pipeline structure will
interfere with the dependencies of the pair.

An inter-instruction dependency in a pipeline structure
can be described in terms of the triple (P, Ry, Ry). R, and
R are the register access patterns (read/write) of the pre-
ceding and succeeding instruction, respectively. The con-
ventional classification of dependenciesis encapsulated by
this pair of parameters: data (R, =write, Rs =read; or, read
after write), anti (R, =read, R =write; or, write after read),
and output R, =write, Rg =write; or, write after write)
dependencies. On the other hand, P describes the relative
position of register accesses by a dependent instruction pair
in a pipeline structure. The possible values of P are: for-
ward, backward, and stationary. ThusP provides a classifi-
cation of dependencies with a pipeline structure’ s point of
view: a new dimension is created to differentiate the rela-
tive timing behavior, in addition to the conventional classi-
fication for dependencies. Figure3 (a) shows the relative
positions for the register accesses of preceding and suc-
ceeding instructions.

Suppose the instruction instA accesses register X at
C, th cycle (at C, th stage), and the instruction instB
accesses register X at Cp,’ th cycle (at Cy’ th stage), with C,
< Cy,. Now we define the first two classes of dependencies
with respect to the pair (C,, Cp,) and the precedence rela-
tionship of instruction pairs. forward and backward depen-
dency. A forward dependency happens when a preceding
instruction accesses a register at an earlier stage and a suc-
ceeding instruction accesses the same register at a latter
stage such as the instA-instB pair (instA followed by
instB); abackward dependency happens when a preceding
instruction accesses a register at a latter stage and a suc-
ceeding instruction accesses the same register at an earlier
stage such as the instB-instA pair (nstB followed by
instA). Note that both forward and backward dependencies
potentially co-exist in the hardware for any pair of instruc-
tions that access the same register at different stages
(except the read-read case). The actua direction of the
dependency (forward or backward) in an application pro-
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Figure 3. Forward, backward and stationary dependencies and pipeline stages

gram is determined by the relative precedence relationship
of the instruction pair; for example, the instA-instB pair
has a forward dependency and the instB-instA pair has a
backward dependency.

The third class of dependency is stationary dependency
which happens when the preceding and succeeding instruc-
tions access the same register at the same stage (C, = Cp)
asshownin Figure3 (b).

Please note that our definition of inter-instruction
dependency is different from the definition in [11] in that
our dependency is defined based on the access of a single
register, as opposed to a set of registers. In [11], for every
instruction, a domain and a range are defined as the set of
registers that the instruction reads and writes, respectively.
A pair of instructions exhibits an inter-instruction depen-
dency as long as their domains or ranges have some over-
lap. This definition isinsufficient since a single instruction
may access more than one register, resulting in different
types of pipeline hazards, each of which requires a differ-
ent resolution. Therefore, a pair of dependent instructions
may be involved in more than one class of dependency.
With our classification, these hazards can be differentiated
such that each dependency can be separately resolved.

The forward, backward and stationary dependencies can
be further refined into nine types. By applying the conven-
tional classification to each class of dependency, we have
forward data, forward anti, forward output, backward data,
backward anti, backward output, stationary data, stationary
anti, and stationary output dependency. Tablel summa-
rizes these nine types of dependencies.

2.2. Pipeline hazards and inter-instruction depen-
dencies

A pair of instructions exhibiting a backward depen-
dency, when travelling closely in a pipeline, will cause a
pipeline hazard because when the succeeding instruction
reaches the stage where it accesses aregister, the preceding



The preceding Types of register accesses
instruction
accesses register X
at cycle C, Read after Write after Write after
The succeeding Write Read Write
instruction (Ry=write, (Ry=read, (Ry=write,
accesses register X Rs=read) Rs=write) Rewrite)
at cycle Cg
C,<Cs forward data depen- | forward anti depen- | forward output
(P = forward) dency dency dependency
Cy>Cs backward data backward anti backward output
(P = backward) dependency dependency dependency
Cy=Cs stationary data stationary anti stationary output
(P = stationary) dependency dependency dependency

Table 1: Inter-instruction dependencies for pipelined instruction set processors

instruction hasn’ t arrived at the stage (a latter stage) where
it accesses the same register (as the instB-instA pair in
Figure3). For example, a‘ delayed load’ instruction imme-
diately followed by another instruction that uses the loaded
data in an earlier stage results in a pipeline hazard involv-
ing abackward dependency.

A forward dependency does not cause any pipeline haz-
ard. TheinstA-instB pair in Figure3isan example of afor-
ward dependency. Instruction instA accesses register X at
stage C,, leaving enough time (C,, - C, +1 cycles) for the
succeeding instruction instB to reach stage G, to access X.
However, even though a forward dependency does not
cause any pipeline hazard, properly handling it may elimi-
nate the associated backward dependency (for example, the
instB-instA pair in Figure3). We will further explain this
issue in Section 3.

The stationary dependency does not cause any pipeline
hazard, nor does it interfere with other classes of depen-
dencies. The succeeding instruction can access the same
register in the next cycle right after the preceding instruc-
tion’ s access. Instructions exhibiting stationary dependen-
cies never access the same register simultaneously. There
is no delay slot required for instruction pairs with station-
ary dependencies. Therefore, the stationary dependency is
the most desired way of handling inter-instruction depen-
dency in the pipeline design. This translates to a design
goal that requires accesses to the same register in different
instructions be scheduled to the same pipeline stage. How-
ever, this goal might not be achievable due to other design
constraints. For example, aligning register accesses to the
same pipeline stage may effectively lengthen the critical
path. When a stationary dependency can not be preserved,
forward and backward dependencies occur, which necessi-
tate some forms of resolution to ensure the proper behav-
ior.

In the following section, we will present hardware and
software resolutions for pipeline hazards caused by for-
ward and backward dependencies.
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3. Hardwar e/softwar e resolution strategies
for pipeline hazards

The most powerful and practical way of resolving data
dependent pipeline hazards is a data-flow like approach,
such as Tomasulo’ s approach [15]. Data are assigned tags,
and a data flow engine, such as the reservation station and
its supporting circuitry in Tomasulo’ s approach, is used to
track the relationships among data. In this paper, we con-
sider an alternative approach employing relatively simple
hardware and software techniques. An advantage of this
approach is that it takes advantages of the classification of
dependencies we presented in the previous section. We
first summarize these resolution techniques in Section 3.1
and relate them to pipeline hazardsin Section 3.2.

3.1. General hardware and softwar e resolution
strategies

Har dwar e resolution

The most straightforward way to resolve hazards in
hardware is to use additional registers. Two types of addi-
tional registers can be employed: forwarding and duplicate
registers.

Forwarding registers carry the data along with the
instruction stream in the pipeline. For example, in Figure4
adatum D is written to register X by instruction instA in
stage C, at time t=1, and is forwarded aong the pipeline
via forwarding registers (X, Xp,, %g) until D arrives at
stage C; at time t=4. The datum moves along the pipeline
synchronously with instA. The advantage of forwarding is
that as soon as the current datum of register X is forwarded
to next stage, X is free for more data. This is analogous to
adding extra latches (delays) in a pipeline in order to
improve the system throughput [12].

Duplicate registers release the burden of temporary reg-
isters. In Figure5 (@), a temporary register T connects two
sources S; and S, and two destinations Dy and D,. There
are four possible connection patterns. All connections are
mutually exclusive, with T being the bottleneck of the data
traffic. Suppose that the actual connections to be estab-
lished by T are S;->D; and S,->D,, and better performance
will be achieved when these two connections can be made
concurrently. Adding a duplicate register T', to create one
additional data path, will ease the traffic and improve the
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performance as shown in Figure5 (b).

Softwar e resolution

Instruction reordering is the major technique used in
compiler back-ends to resolve pipeline hazards. The
desired behavior of an instruction stream may be distorted
by pipelining. Instruction reordering restores the desired
sequential semantics of an instruction stream by reordering
the sequence of instructions.

There are two directions in reordering: up and down
reordering. In Figure 6 (a) is a sequential code where
instruction instB follows and depends on instA. The cases
(b) and (c) of Figure6 are the reordered codes for two dif-
ferent pipeline structures. In case (b) the instruction instB
is moved up and ahead of instA, whereas in case (c) instB
is moved down and apart from instA. There are usually
constraints (windows) to these movements: Wup being the
maximal numbers of slots instB can be moved ahead of
instA and Wy, being the minimal number of slots instB
has to be moved down from instA. For the example in
Figure6, W, and Wy, are three and two, respectively.
We define W, and Wy, as the reorder distance for up
and down reordering, respectively.

3.2. Inter-instruction dependencies and their
applicable resolution

In this subsection we provide applicable hardware and
software resol ution strategies to pipeline hazards caused by
forward and backward dependencies. As pointed out in
Section 2.2, the stationary dependencies do not cause any
hazard. Therefore, they do not require any resolution. For
ease of discussion, we will use the same pipeline architec-
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ture and instruction pairsin Figure3 as an example, assum-
ing stage latency of one cycle. The generalized case where
a pipeline stage takes multiple cycles will be provided in
Section 3.2.3.

3.2.1 Forward dependencies

A forward dependency is the case of the instA-instB
pair (instA followed by instB) (Figure3). As mentioned in
Section 2.2, aforward dependency does not cause pipeline
hazards, however, some resolutions can be optionally
applied to improve the system performance.

Forwar d data dependency

There are two ways to resolve this type of dependency:
forwarding registers or up-reordering.

First, one forward register per stage can be allocated to
stages C,41 to Cp 4 (totally Cy-C,-1 forward registers). A
side effect of this approach is that the associated backward
anti dependency (the instB-instA pair) is automatically
resolved. This approach is preferable in the case where
both instA-instB and instB-instA pairs happen very fre-
quently in the application programs.

Secondly, instead of hardware resolution, one can
choose to optionally move instruction instB ahead of instA
(up-reordering) at most Wy, (W, ;=Cp-C4-1) slots (cycles).
This has the advantage of hiding the possible delay slots
associated with the instruction instB (for example, instB
hasa‘ delayed’ operation to other register ), at the cost of
longer compilation timein the compiler back-end.

Forward anti dependency

The applicable resolution is the up-reordering in the
compiler back-end as described previously with W,;,=Cj-
C, (assuming the register is master-slaved).

Forward output dependency

There are two ways of resolving this type of depen-
dency: duplicate registers and up-reordering.

Duplicate registers eliminate the forward output depen-
dency such that instA and instB become independent
instructions. The side effect is that the backward output
dependency (the instB-instA pair) is eliminated as well.
Forward output dependencies can aso be resolved by the
optional up-reordering in the compiler back-end as
described previously with W,,,=C-C-1.

3.2.2 Backward dependencies

A backward dependency is the case of the instB-instA
pair (instB followed by instA). There is a software resolu-
tion, down-reordering, available for al backward depen-
dencies. The dependent instruction instA has to be moved
away, downward from its predecessor instB for at least Cy-
C,*1 slots (Wgouwn=Cp-Cat1) to ensure that instA access
the target register after instB’ s access. The compiler back-



end can fill in these slots with nops or reorder other inde-
pendent instructions into these slots.

The backward output dependency can also be resolved
in hardware with the same technique, duplicate registers, as
in the case of forward output dependency. The side effect
of the hardware resolution is that the associated forward
output dependency is automatically resolved. Circular
dependency check has to be performed before a duplicate
register can be inserted [6]. Unfortunately, there is no hard-
ware resolution for backward data and anti dependencies.

3.2.3 Summary and extension

Here we summarize the resolution strategies for inter-
instruction dependenciesin Table2. In this table we extend
the resolution strategies for pipeline machines with multi-
cycle stage latency: every instruction spends S cyclesin a
stage before it advances to next stage. Therefore, a micro-
operation executed at the C' th cycle of its execution path
will be executed at the mod(C/9+1’ th cycle of the éC/S
U th stage. In this table it is assumed that instA and instB
access the same register at the C,’ th and Cy’ th cycles of
their execution paths, respectively. Please note that the
constant M is used to adjust for the case of master-slave
registers.

The first column contains the six classes of inter-
instruction dependencies that require resolution. (Remem-
ber that the stationary dependencies do not cause pipeline
hazards.) For each class of dependency, a dependent
instruction pair taken from Figure 3islisted asan example.
Applicable hardware and software resolution strategies are
listed in the second and third columns for each class of
dependency. In the second column we also list the side
effects of hardware resolutions. Note that forward data and
forward/backward output dependencies have both hard-
ware and software resolution candidates available, which
allow tradeoff between hardware and software. The
tradeoff can be based on the characteristics of the applica-
tion domain (the frequency of the dependency in the appli-
cations) and the time/space complexities of the compiler
back-end. We will present a way to perform the tradeoff
analysisin Section 4.3, and show examplesin Section 5.

Having discussed the classification and their resolu-
tions, we now present their application in high level syn-
thesis to automatically analyze pipeline hazards and apply
the resolutions.

4. Theapplication in high level synthesisfor
pipelined | SPs

In this section we first point out the inadequacy of typi-
cal high level synthesis systems for pipelined | SPs and then
present how our classification can be incorporated into the
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Inter-
instruction Hardware resolution Software resolution
dependency
Forward data « Forward registers « Optional up-reordering:
(instA-instB) total number of forward registers: W p=€Cp-Cot1-M*)/S r1
§Cy-Cy+1-M*)/SH1
« Side effect of h/w resolution:
backward anti dependency (instB-
instA) isresolved
Forward anti *na « Optional up-reordering
(instA-instB) Wup:é(cn-ca+M*)/SC+1
Forward output | « Duplicate register « Optional up-reordering:
(instA-instB) « Side effect of h/w resolution: W, =€Cp-Co)/Str1

backward output dependency
(instB-instA) isresolved

Backward data |+ na » Down-reordering

(instB-instA) Wyow&(Cp-Co)/ST
Backward anti *na « Down-reordering
(instB-instA) Weowie(Cp-Co-M*)/ST

Backward output | Duplicate register
(instB-instA) « Side effect of h/w resolution:

« Down-reordering
Waowe(Cp-Ca)/ ST
forward output dependency
(instA-instB) is resolved

Table 2: Hardware/Software resolution strategies for inter-instruction dependencies
that are not hazard-free

* M= 1for master-dave registers; M=0 otherwise. i i i
synthesis process to improve the design quality. Finaly,

we show how a high level synthesis system is able to
explore the hardware/software design space with our clas-
sification and resolution strategies.

4.1. Theinadequacy of current synthesis tech-
niques

The basic task of high level synthesis for pipelined ISPs
is to construct pipelined micro-architectures at the RTL
level, given any behavioral (abstract and sequential) speci-
fication of the instruction set architecture to be synthe-
sized. It is assumed that the machine to be synthesized
repeatedly executes some computation task. For 1SPs, the
computation task is the operations of fetch, decode and
execution of instructions. The computation task is repre-
sented as a loop body in the specification, and the repeti-
tion is represented as the iteration of the loop body.
Figure7 (a) shows a state transition diagram of a three-
instruction ISP: ovals are states with each state taking one
clock cycle, thin arcs are state transitions, and the outer
feedback arc represents the iteration of the body. For sim-
plicity we only show register accesses of PC and X in the
states. The two grey bi-directional arcs are inter-iteration
dependencies® (inter-instruction dependencies) for regis-
ters PC and X, respectively.

The task of pipeline synthesis is then to find an appro-
priate overlapping of multiple iterations of the loop body
subject to the inter-iteration dependencies. As shown in

FigureZ(a)—the longest-inter-iteration dependency spans
3. Theinter-instruction dependencies of | SPs appear as inter-

iteration dependencies in the behavioral specification.
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Figure 7. Pipeline synthesis and inter-iteration dependencies

three cycles (the PC dependency); therefore, the optimal
degree of overlapping without causing pipeline hazards is
to issue an iteration every three cycles as shown in Figure7
(b). The length of the longest inter-iteration dependency is
called minimal achievable latency (MAL) [7], which has
been used by several pipeline synthesis systems as the
lower bound of the instruction initiation latency. There are
several techniques available that try to minimize MAL by
rearranging the micro-operations, in order to increase the
degree of overlapping [2][7]. The limitation of these tech-
niques is that they are still subject to the constraint of
MAL. Pipelined 1SPs with instruction initiation latency
less than MAL are impossible. For example, the MIPS
R2000 [8] has MAL of two. If it were synthesized with
these techniques, it would have instruction initiation
latency of two, instead of one as in the manually designed
one.

There is one exceptional synthesis system ASPD [1]
which is capable of synthesizing pipelined ISPs with
instruction initiation latency of one, regardless of their
MALSs. To resolve the induced pipeline hazards, the syn-
thesi zed machine flushes the pipeline as long as an instruc-
tion which may cause hazards is decoded. Take the MIPS
R2000 as an example, if it were synthesized by ASPD, the
pipeline would flush as soon as ‘ delayed load” and ‘ brn’
are decoded, regardiess whether the succeeding instruc-
tions are dependent instructions or not. This approach
leaves no room for compilers to utilize the flushed (idl€)
cycles.

In summary, the pipeline synthesis techniques currently
available are not adequate enough to synthesize high per-
formance pipelined | SPs with quality of manually designed
ones. Some better ways of dealing with pipeline hazards
are necessary to overcome the difficulty.

4.2. Integrating hazard resolution into high level
synthesis

Our extended classification of inter-instruction depen-
dencies and their associated hardware/software resolution
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strategies provide a feasible way of fixing up the inade-
guacy mentioned in the previous subsection. Our method
enables the pipeline synthesis system to generate high per-
formance pipelined | SPs that might not be free of pipeline
hazards, and then provide a hardware/software approach to
resolve the induced pipeline hazards.

Piper isahigh level synthesis system for pipelined | SPs
[5] that incorporates our hazard resolution method.
Figure8 illustrates the structure of Piper and how the pipe-
line hazards are resolved in Piper. Piper and its pre-proces-
sor, Fiper, translate the abstract specification of an
instruction set architecture into pipelined RTL level
designs consisting of data paths and control paths. Piper
also generates an interface to the compiler back-end (reor-
derer), and measures its time and space complexities. A set
of application benchmarks is given to Piper to evaluate the
quality of designs.

The main design phases of Piper consist of the follow-
ing: (1) pipeline scheduling; (2) pipeline hazard resolution;
(3) resource allocation. The first phase, pipeline schedul-
ing, assigns micro-operations into pipeline stages. Pipeline
hazards may be introduced by the pipeline scheduler in
highly pipelined cases. These hazards are resolved in the
second phase by a combination of hardware and software
resolution strategies. This is accomplished in two concep-
tual steps: analysis of inter-instruction dependencies based
on our extended classification, and application of resolu-
tion strategies based on Table2. In this phase Piper gener-
ates areorder table consisting of reordering constraints that
instruct the compiler back-end (reorderer) to properly orga-
nize the codes for the pipelined machine being synthesized.
Readers interested in the algorithms used for pipeline haz-
ard resolution may refer to [6]. At the last phase, the hard-
ware resources are alocated, producing a pipelined RTL
level design.

Design decisions made by the pipeline scheduling and
hazard resolution affect the performance and cost of hard-
ware and the time/space compl exities of the compiler back-
end. Therefore, in addition to the design engine, there are a
set of estimators and application benchmarks for the esti-
mation of those effects.

4.3. Exploration of the hardwar e/software
tradeoff

As shown in Table 2, pipeline hazards caused by some
inter-instruction dependencies may have both hardware
and software resolution strategies available. Deciding
which strategy to pick requires a tradeoff analysis. The
hardware resolution has the advantage of resolving both
forward and backward dependencies at the same time, at
the cost of some additional registers and connections in the
data path. On the other hand, the software resolution has
the advantage of not complicating the hardware. However,
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it places a burden on the compiler back-end; the more reor-
der constraints, the longer the time to compile code.

The tradeoff analysis performed by Piper is as follows.
On the hardware side, the cost of hardware is represented
by the estimated size of the processor including data path,
forwarding and duplicate registers (if adopted), and control
path. A set of application benchmarks is used to measure
the performance of the hardware. The performance is esti-
mated with an analytical approach described in [5].

On the software side, the time and space complexities of
the compiler back-end are expressed as functions with
parameters related to the characteristics of the reorder con-
straints such as the size of the reorder table, the maximal/
minimal/average reorder distances in the table, etc. For
example, a straightforward implementation of the reorderer
(compiler back-end) described in [3] has time and space
complexities proportional to the size of the reorder table
(the number of reorder constraints). Therefore, when com-
paring the software cost of several possible designs, we
evaluate, for each design, the time and space complexity
functions by substituting the characteristics of its reorder
constraints into the functions. In practice, the space com-
plexity is of less concern since the space (static code size of
the reorderer) varies just slightly for hardware designs with
different sizes of reorder tables. Only the space taken up by
the table varies, which is usually small when compared to
the space of the algorithm.

The performance and cost of hardware and software are
then taken together to evaluate the global “goodness’ of
the designs. The objective function used by Piper for
“goodness’ is,

Goodness = P/ Cyptq (EQ1I)
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Ciotal = @ XH + (1-a) xk xS. (EQ 2

H isthe size of the hardware, Sisthe time complexity of
the reorderer (representing the compilation difficulty), and
k is a constant that adjusts the scales of H and S. The
parameter a (0 £ a £1) is used by the designer toassign the
relative importance of hardware with respect to software
(reorderer). Cioto 1S @ conceptual cost of the entire system
including hardware and software. P is the estimated perfor-
mance in term of speedup with respect to the non-pipelined
design. The Goodnessis then defined as the “ performance/
cost” ratio of the entire system.

With the concurrent hardware/software approach and
the tradeoff model, Piper providers designers the capability
of customizing designs for different application domains
by selecting appropriate benchmarks and the weight con-
stant a.

5. Experiments

In this section we demonstrate the usefulness of our
dependency classification by showing how it improves the
quality of automatically synthesized pipelined 1SPs and
helps the design automation system exploring the hard-
ware/software design space. Two | SPs were synthesized by
Piper: SM2a and TDY-43. It is interesting to note that
these two instruction set architectures were not originally
designed for pipelined implementation. They contain some
architectural features that hinder good pipeline implemen-
tations, and thus provide a challenge to pipeline design
automation systems.

We used the tradeoff analysis described in Section 4.3 to
compare designs. Also as discussed in Section 4.3, the
space complexity was ignored in the comparison since it is
not significant. Note that we assumed the same clock cycle
time when comparing designs. In order to simplify the pre-
sentation, we only listed the down-reordering constraints
when comparing the software compl exity.

5.1. The SM 2a processor

The SM2a® processor is a 39-instruction micro-proces-
sor with both general and special purpose registers. In this
experiment, the instruction pair frequency from a synthetic
application benchmark was given to Piper to evaluate the
average (run time) performance. The minimal achievable
latency (MAL) of this processor is five; i.e., any effort to
synthesize this processor with an instruction initiation
latency less than five will introduce pipeline hazards. The
speedup obtained by MAL-based pipeline synthesis tech-
niquesis 1.2 (with latency of five). ASPD system achieved
better speedup of 1.5 (with latency of one), which is the

4. The SM2a processor was used by the Advanced Computer
Architecture Laboratory at University of Southern California
for the studies of Prolog compilation and design automation.



best performance of currently available synthesis tech-
niques. Our technique produced a design with far better
performance: a speedup of 2.37 (with latency of one). In
the following paragraphs we present the pipeline hazard
resolution in detail.

The results of the pipeline hazard resolutions for heavily
pipelined SM2a (latency= 1, 2, 3, 4) are presented in
Table3. The header row is the instruction initiation laten-
cies chosen by the designer. The second row lists the num-
ber of dependencies to be dealt with for each instruction
initiation latency considered. This number impliesthe * dif-
ficulty’ of the problem. The third row lists the number of
hardware resolution candidates for duplicate registers and
forwarding registers, respectively. The fourth row lists the
hardware resolutions selected by the designer. Note that
several combinations of hardware resolutions are available
for the designs with instruction initiation latency of 1.
Same as latencies of 2 and 3. For example, in the third col-
umn under latency=1, the designer selected one duplicate
register and one forwarding register (1D,1F); whereas in
the fourth column under latency=1 the designer chose one
duplicate and three forwarding registers (1D,3F). The entry
with ‘ no’ means that no hardware is selected. The fifth
through eighth rows summarize the software resolutions
with respect to the design decision made in the fourth row.
In the last row a design identifier (#1~#9) is assigned for
each design synthesized by Piper. As a comparison, the
design #10 is the design synthesized by ASPD, the current
best technique.

Instruction initiation latency |4 3 2 1 1
# of inter-instruction depen- (54 |90 342 484 0
dencies

possible hardware resolutions |- 1D 1D,2F 1D 4F

(D = duplicate register,
F = forward register)

selected hardwareresolutions Jno  jno [1D |no [ID |no [ID 1D, IF [ID3F |

# of down-reordering 12 [23 [15 113 111 [27 [115 [113 115 0
max. reorder distance 1 1 1 12 2 B 4 4 4 0
min. reorder distance 1 1 1 1 1 n 1 1 1 0
average reorder distance 1.00 [1.00 |1.00 |1.10 [1.10 [3.20 [2.20 [|2.22 2.20 0

Design ID# 1 2 3 |4 B 6 |7 8 9 10"

Table 3: Results of pipeline hazard resolution for the sm2a processor

*. Synthesized by ASPD [1]

Figure9 shows the performance/cost metrics for candi-
date designs #1 to #10. Figure9 (a) is the average speedup
of the given benchmark (w. r. t. non-pipelined design).
Designs #7, #8 and #9 have the largest speedup. Figure9
(b) shows the hardware sizes of candidate designs. The
hardware size, including both data and control paths, was
estimated at the RTL level. We were not able to obtain the
actual size of design #10 directly. However, it should have
roughly about the same data path size as design #6' s since
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Figure 9. Performance/cost tradeoff analysis of SM2a

they both have no hardware resolution. The control path of
design #10 may be more complicated than that of design
#6, because the former has to flush the pipeline. As for the
cost of software, the time complexities of design #1, #2, #3
and #6 are much smaller than others' , due to smaller num-
ber of reorder constraints, as shown in Figure 9 (c). Note
that design #10 does not require reordering, thusit has zero
time complexity in the figure.

Based on the performance and cost of hardware and
software in Figure9 (a) through (c), the global hardware/
software tradeoff analysis was conducted for two cases:
a=0.9 and a=0.4 in EQ2, as shown in Figure9 (d).The
case a=0.9 assigns more emphasis on the hardware cost
and tolerates more software cost. The design with the best



“performance/cost” ratio in this case is design #7 (with
instruction initiation latency=1, one duplicate register, and
312 reorder constraints). On the other hand, the case a=0.4
assigns less importance to the hardware cost, and is more
sensitive to the software cost. In this case, the best designis
design #3 (with instruction initiation latency=3, one dupli-
cate register, and 15 reorder constraints).

In summary, we have shown that our method is able to
improve the throughput of the pipelined SM2a. The perfor-
mance is much better than that of pipeline synthesis tech-
niques currently available. Besides, our method provides
better flexibility in producing designs for different applica-
tion domains. The designers can customize the designs
either for embedded systems where most of the applica-
tions are compiled beforehand, thus making software cost
(compilation time) more affordable as shown in our a=0.9
case, or for application development systems where |ots of
applications are constantly compiled during the life time of
the machines, thus making software cost less affordable as
shown in our a=0.4 case.

5.2. The TDY-43 processor

The TDY -43 processor was designed about twenty years
ago, and was used for aviation control in helicopters [16].
It has 256 instructions supporting fix-point, fractional, and
two’ s complement operations on nine registers, a wide
variety of addressing modes, and some external 1/O con-
trols. It was built on six boards. While it is still widely in
service, its parts become obsolete and raise a difficult
maintenance problem. Therefore, a customized single-chip
re-implementation is desirable. The ADAS design automa-
tion system [13] was used to generate a gate-array imple-
mentation from the instruction set specification. Piper is
the high level synthesis tool of ADAS, and was used to
explore possible pipeline implementations of TDY -43.

Instruction initiation latency | 8 6 4 3 2 1

#of inter-instruction depen- | 396 | 516 | 7924 16307 47091
dencies 8 7 4

3D, |4D, 3D, 4D,
2F |7F 8F 19F

possible hardware resolutions | 2D,

(D = duplicate register, 1F
F = forward register)

selected hardware resolutions no no |3D,

2F

no |3D,

7

no 4D,

19F

219 | 240 | 231 |524 |519 |281
0 9 6 9 5 1 4

# of down-reordering 119

91

max. reorder distance 3 4 6 6 8 8 13 13 |na

min. reorder distance 1 1 1 1 1 1 1 1 na

2.93 | 436 [4.48 | 324 (327 (7.95 [ 262 |na

average reorder distance

Table 4: Results of pipeline hazard resolution for the TDY -43 processor

Table4 shows some results of TDY-43. The design with
latency of one was not completed since Piper could not fin-
ish within a reasonable time (more than two weeks). The
application benchmark was not available to us at the time
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of experiment. Therefore, we do not show the estimated
performance with respect to the benchmark. According to
the experiment, TDY -43 can be pipelined at the latency of
two, with 2814 reorder constraints. The large number of
reorder constraintsis primarily due to complex instructions
such as normalization of fractional numbers, multiplica-
tion/division, and shifting by an arbitrary amount (0~64
bits). Even at the latency of eight, there are still 2180 reor-
dering constraints required. At this latency, most of the
simple instructions can be completed within a single stage.
The hardware/software resol utions are mainly for resolving
the hazards for the instruction pairs involving those com-
plex instructions. Judging from this experiment as well as
the fact that the company that designed TDY-43 would
have difficulty in re-compiling their applications, we con-
cluded that pipelining with software support (reordering)
was not a feasible design style for TDY-43, instead, a
sequential implementation was recommended.

6. Concluding remarks

We have shown the inadequacy of the conventional
classification of inter-instruction dependencies, i.e., data,
anti and output dependencies, and presented an extension
to fix the problem. The extension was derived by further
differentiating each class of the conventional inter-instruc-
tion dependency into three classes: forward, backward and
stationary dependencies, according to register access pat-
ternsin the pipeline. The extension provides a better under-
standing of pipeline hazards in general pipeline structures,
and allows hardware and software resolution strategies
being associated precisely to pipeline hazards according to
the classes of inter-instruction dependencies the hazards
involve. The resolution strategies considered in this paper
are, in hardware, the use of forwarding registers and dupli-
cate registers, and in software, the use of instruction up/
down reordering in the compiler back-end.

An interesting application of this extension and its reso-
lution strategies was found in high level synthesis for pipe-
lined ISPs. The state of the art high level synthesis
techniques for pipelined ISPs haven't been powerful
enough to synthesize high throughput pipelined | SPs, pri-
marily due to insufficient understanding of pipeline haz-
ards and their resolutions. This need has been filled by our
extension and its resolution strategies. We have shown that
ahigh level synthesis system Piper, which incorporates our
methods, is able to produce designs much better than the
results of other techniques. Another contribution is that our
method adopts a concurrent hardware/software approach
that helps the design automation systems explore both the
hardware and software design spaces, as opposed to leav-
ing the software design space intact.

Our current work was developed based on a machine
model with a single pipeline, linearly cascaded stages and



constant stage latency. While this assumption limits the
applicability of our work, it does not prevent application to
fairly complex machines such as superscalar processors.
On the other hand, these techniques may be insufficient for
machines where ‘ autonomous' hardware components are
employed to resolve pipeline hazards dynamically.

This methodology needs the following extensions: First,
more elaborated dependency analysis considering the
dynamic behaviors of instructions in the data path needs to
be developed; Second, the behavior of those * autonomous
hardware components and their supporting circuitry, such
as the reservation station, has to be formalized and inte-
grated into the resolution strategies; Third, methods have
to be developed to efficiently explore a much richer design
space.
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