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ABSTRACT

Coarse-grained reconfigurable architectures (CGRAS)eptean
appealing hardware platform by providing the potential ficgh
computation throughput, scalability, low cost and eneffjgiency.
CGRAs consist of an array of function units and register fijes-
erally organized as a two dimensional grid. The most diffichhl-
lenge with deploying CGRAs is compiler scheduling techgglo
that can map software implementations of compute intersgs
onto the array. Traditional schedulers are not suitablabee they
do not take into account the explicit routing of operand ealthat
is necessary. In essence, the problem of binding operatiotisie
slots and resources is extended to also include explictimguof
operands from producers to consumers. To tackle this pmble
this paper introduces a software pipelining technique fapping
loop bodies onto CGRAs, referred tom®dulo graph embedding

1. INTRODUCTION

The embedded computing systems that power today’s portable
devices demand high performance and energy efficiency. i-Trad
tionally, application specific hardware in the form of ASI@as
been used on the compute-intensive kernels to meet thesendem
However, increasing convergence of different functidimesi such
as voice/data communication, high definition video, andéaligho-
tography on a single device, combined with high non-reogrri
costs involved in designing ASICs have pushed designerartsy
more flexible solutions. Coarse-grained reconfigurabléitec-
tures (CGRASs) are becoming attractive alternatives bexdusy
offer large raw computation capabilities with low cost/egyeim-
plementations [13, 18, 14]. Furthermore, CGRASs are progrnabie,
thus software implementations of compute intensive keroah be
mapped onto them.

We leverage graph embedding from graph theory, which is used CGRAs consist of an array of a large number of function units

to draw graphs onto a target space. The loop body is esdgntial
drawn onto the CGRA mesh, subject to modulo resource usage co
straints. Modulo graph embedding is effective becausenittake
into account the communication structure of the loop bodyndu
mapping. On average, a compute utilization of 56—68% isawetui

for a set of loop kernels across three 4x4 CGRA designs.

Categories and Subject Descriptors

D.3.4 [Processorg [Code Generators]; C.Special-Purpose and
Application-Based Systemp [Real-time and Embedded Systems]

General Terms
Algorithms, Experimentation, Performance

Keywords

Coarse-grained Reconfigurable Architecture, Graph Emibgdilod-
ulo Scheduling

Permission to make digital or hard copies of all or part of thiork for

personal or classroom use is granted without fee providatidbpies are
not made or distributed for profit or commercial advantage #yat copies
bear this notice and the full citation on the first page. Toycotherwise, to
republish, to post on servers or to redistribute to listquiees prior specific
permission and/or a fee.

CASES’060ctober 23-25, 2006, Seoul, Korea.

Copyright 2006 ACM 1-59593-543-6/06/00108$5.00.

(FUs) interconnected by a mesh style network. Register dites
distributed throughout the CGRAs to hold temporary valuebae
accessible only by a subset of FUs. The FUs can execute common
word-level operations, including addition, subtractiamd multi-
plication. In contrast to FPGAs, CGRAs have short reconéigur
tion times, low delay characteristics, and low power constiom

as they are constructed from standard cell implementatidhss,
gate-level reconfigurability is sacrificed, but the ressilailarge in-
crease in hardware efficiency.

A good compiler is essential for exploiting the abundance of
computing resources available on a CGRA. However, spanmse co
nectivity and distributed register files present difficuttaienges
to the scheduling phase of a compiler. The sparse conrntyqbivis
the burden of routing operands from producers to consunretise
compiler. Traditional schedulers that just assign an FUtand to
every operation in the program are unsuitable because theypd
take routability into consideration. Operand values meséxplic-
itly routed between producing and consuming FUs. Furthedj-d
cated routing resources are not provided. Rather, an FUaar s
either as a compute resource or as a routing resource at a give
time. A compiler scheduler must thus manage the computatidn
flow of operands across the array to effectively map apptioat
onto CGRAs.

Previous efforts at compilation tools for CGRA style arelit
tures have focused on exploiting instruction-level pataim (ILP)

[10, 1]. However, ILP is limited in scope, and fails to efficily
make use of resources in CGRAs. Recent research [14] has fo-
cused on exploiting loop-level parallelism on CGRAs. They-p
pose a modulo scheduling algorithm based on simulated ingea

It begins with a random placement of operations on the FUs of a
CGRA, which may not be a valid modulo schedule. Operatioas ar
randomly moved between FUs until a valid schedule is achieve



The random movement of operations in the simulated anrgealin
technique results in a long convergence time for loops wvéthé
numbers of operations. Also, the algorithm is ad-hoc in #mse
that no information about the structure of the dataflow griaplti-
lized in making scheduling decisions.

In this paper, we propose a modulo scheduling technique for
CGRA architectures that leverages graph embedding conymonl
used in graph layout and visualization [12], referred tarasiulo
graph embeddingGraph embedding is a technique in graph theory
in which a guest graph is mapped onto a host graph. With CGRAs,
scheduling is reduced to placing operations of a loop body on
three dimensional grid. The three dimensions consist oFthar-
ray that comprises two dimensions and the time slots of a foodu
scheduled loop that form the third dimension.

Modulo scheduling is performed by considering groups ofeéqu
height operations from the top of the dataflow graph (DFGhto t
bottom. The three dimensional scheduling grid is filled ikevged
manner by restricting the subset of FUs and time slots availa
for each group of operations. This stylization increasesgaioility
of operands and can dynamically adapt to different shape DFG
A discrete cost function between pairs of DFG nodes is design
and the placement algorithm tries to reduce this cost fanctrhe
cost function consists of different components: routingtcahich
ensures that producers and consumers are placed close tmone
other; affinity cost, which ensures that operations with g@n
consumers are placed close together; and, position costhweh-
sures that operations are left-justified on the set of digibsources.
Left justification ensures operations are tightly packed amables
operand routing to subsequent operations using the rigttpar-
tion of the array.

to multiple register files each shared by a small number ofepd
to a single central register file accessible by some or alesod

Figure 1 shows three CGRA designs. Each design contains 16
nodes arranged in a 4x4 mesh; each node can communicate with
its four nearest neighbors. The details of a node are showigin
ure 1(a). A FU reads inputs from neighboring nodes and wtides
a single output register; a small, dedicated register fitestgpply
operands to the FU and store the FU'’s result; and a configurati
memory supplies control signals to the MUXes, FU, and regist
file. Note that a node can either perform a computation orerout
data each cycle, but not both, as routing is accomplishedakg-p
ing data through the FU.

The CGRA designs shown in Figure 1 vary in terms of their reg-
ister file sharing. In design (a), there is no register filerisigpas
all register storage is distributed across the nodes indire bf the
dedicated register files. The interconnect in this desighasefore
the most sparse of the three designs, as all communicatierebe
nodes must be explicitly routed through the network. De¢mns
an example of a shared register file design (four neighbdfidg
share a register file in this example), where some nodes tave a
cess to the same register files. FUs that share a registerafile ¢
communicate values directly, without explicit routingahgh the
interconnection network. The downside of having sharedsteg
files is that the files are larger and more highly ported, reduthe
efficiency of the hardware.

Finally in design (c), all nodes again have individual régis
files, but now they are additionally connected to a centrgisre
ter file via column buses. This machine is essentially edgimnta
to a VLIW processor where all FUs can communicate with each
other by writing to the same register file. This design is e&thin

The central advantages of modulo graph embedding are summa-terms of communication abilities, but it is also the leastiable as

rized as follows:

e It scales well with respect to number of operations in the
DFG and thus is capable of handling large loop bodies.

e It handles a wide variety of CGRA configurations, including
sparse interconnectivity and fully distributed registédi

the central register file must be large and highly ported fmpblu
operands to all FUs. Generally, the ports on the centrastegfile
are limited to a small number to control cost and allow a stibse
the inter-FU communication to go through the central regifte.
These three examples show only a small subset of possibleACGR
designs as many other variations are possible.

For this research, we assume a 4x4 CGRA with homogeneous
FUs in a mesh interconnection network as shown in Figure 1a.

e ltisa _systematic technique that assigns operat_iong to the gyen though a richer interconnect (e.g., mesh plus [14])oake
nodes in a CGRA and thus convergence to a solution is faster scheduling easier and usually leads to better schedulesbijec-

along with producing higher quality schedules.

2. BACKGROUND AND MOTIVATION

2.1 Architecture Overview

A CGRA consists of an array of compute nodes, each of which
executes word-level operations, communicating througlnser-
connection network. In general, CGRA designs can be destrib
by four characteristics: size, node functionality, netwoonfigu-
ration, and register file sharing. Thezerefers to the number of
nodes; commonly this can vary from 4 nodes arranged in a row up
to 64 nodes arranged in an 8x8 grid. Thactionalityof each node
can vary from a single FU (e.g. adder or subtracter), to an AioU
a full-blown processor. In addition, the functionality afdes may

tive is to develop a scheduler that can achieve good perficena
under the restrictions of a low-cost CGRA. For the basic dalex
formulation, register files are fully distributed over a 4atay of
FUs (e.g., no shared register files). In the experiments,ang the
register file configuration to evaluate the effectivenessabedul-
ing across different CGRA configurations.

2.2 Modulo Scheduling for CGRAs

Modulo scheduling is a software pipelining technique that e
poses parallelism by overlapping successive iteratioasadp [16].
The goal is to find a valid schedule for a loop such that the-inte
val between successive iterations (initiation intervalllpis mini-
mized. The Il-cycle code region that achieves this maximariap

be homogeneous or heterogeneous. For example, only the nodeis called the kernel. When the number of iterations is latge,

on the edges of the array may access data memory.

There is a large number of potentre@twork configurationsuch
as connections between each node and its four (or eight mk#)go
nearest neighbors, buses connecting each node to (possilly
subset of) other nodes in the same row or column, hierarctice
nection schemes, and so on. Finally, the degreecgister file
sharingranges from small, individual register files at each node,

performance of the loop is determined by the Il to a first grder
thus, when modulo scheduling, it is more important to migieni
the Il than to minimize schedule length. Initially, the sdhker
chooses the target Il to be the maximum of the resource-@inst
lower bound (ResMIl) and the recurrence-constrained |dveeind
(RecMII). If a valid modulo schedule cannot be found, thgeatl

is incremented and scheduling is attempted again.
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Figure 1: Three CGRA designs with varying register file connetivity: (a) dedicated register files, (b) shared register fes, and (c)

dedicated register files and a single centralized registerlé.

Scheduling for CGRAs is quite different from scheduling for
general VLIW architectures due to the different hardwararah-
teristics. With the presence of the central register file émeral
VLIW architectures, scheduling consists of finding avdiabe-
sources for producers and consumers. Routing from a prodace
a consumer is implicitly guaranteed by storing intermezlialues
in the central register file.

However, just finding resources for computation is not sigfit
when scheduling for a CGRA because of the sparse interconnec
and distributed register files. The intermediate valuegestin the
distributed storage elements (either local register fitemitput reg-
isters of FUs) need to be routed explicitly to the consumikuis.F
As FUs are used for both computation and routing, the rolitybi
of values has to be checked at schedule time. If this comdigo
not checked, a situation could arise where a value is pratbge
an FU but cannot be routed anywhere as all of the neighbotiigy F
are busy in subsequent cycles. Thus, the scheduler shoalddre
of these routing requirements not only to generate a vahédale,
but also to minimize the number of routing resources usedhab t
more FUs are available for computation.

One approach to modulo scheduling for CGRA arrays was de-
scribed by Mei et al. [14]. In this approach, the architeetisrrep-
resented by a modulo routing resource graph (MRRG), anddhak g
of scheduling is to map the DFG and any necessary data transfe
operations to this MRRG through time. To accomplish thisopd
erations are first scheduled on a subset of the FUs, over-ditimgn
those resources. Then, using a simulated annealing apmroger-
ations are iteratively removed from the existing schedulé @an-
domly placed on new FUs. A cost function, based on the degree
resources are over-committed, is used to decide whetheotaion
accept each new schedule. The objective is to move towandsisc
ules with fewer over-committed resources, and a valid scleeid
found when no resources are over-committed.

The limitation of this approach is that it is not scalablehrié-
spect to the size of the DFG. With larger graphs, the schetuke
increases significantly due to the time complexity of sirtedaan-
nealing, and the scheduler may not converge to a solutioheat t
desired Il. In addition, the probability of convergenceawér for
CGRAs with sparser network connectivity schemes, as it ineso
more difficult to find a valid, routable schedule using randaate-
ment. Our approach overcomes these problems by using iaform
tion available in the DFG, such as its overall shape and th&oe-
ships between producers and consumers, to systematichéysle
the operations onto the CGRA.

3. MODULO GRAPH EMBEDDING

This section describes modulo graph embedding, our approac
to modulo scheduling for CGRAs. We break the descriptionrdow
into two parts: Section 3.1 presents the important concefptise
approach in isolation, and Section 3.2 brings everythiggtioer to
discuss the complete scheduling algorithm.

3.1 General Concepts

3.1.1 Resource and Connectivity Management

During instruction scheduling, a reservation table is rraired
to keep track of which resources are used in each time sloteAs
sources are repeatedly used every Il cycles by successiatidns
of the loop, the modulo scheduler maintains a Modulo Resierva
Table (MRT) which has only Il time slots [16]. Consideringath
the scheduler for a CGRA must perform routing of values ad wel
as placement of operations, routing information shoulddoerded
by the scheduler. This routing information can be includethie
reservation table because FUs are used both for computatidn
routing. Management of the interconnect network is not asagy
as all of the connections are dedicated point-to-point eotions,
meaning that no congestion can occur in the network.

For resource management, the concept of the Modulo Routing
Resource Graph (MRRG) from the DRESC compiler framework [14
is used. The MRRG is a graphical representation of the sdimgdu
space where nodes represent routing resources and edgeibeles
the connectivity of those resources. Scheduling in the CGRA
comes a problem of placement and routing of each operatidineon
MRRG.

The original MRRG has a detailed description of the CGRA [14]
MRRG nodes are created for each port on the FUs and regigr fil
in addition to the MRRG nodes for the FUs and register filegithe
selves. We take a simplified approach to model the CGRA. Asing
node is created for each FU and register file. Since portinédion
for FUs can be easily discovered by analyzing the resultahgd-
ule along with the instruction format, it is not necessaryiteate
nodes for the individual FU ports. Port information for retgir files
can also be discovered in the same way, but two additionaésod
are used to limit the number of read/write accesses to mgits.
Our resource management model can be considered as audistirib
MRT with connectivity information. Each node representieian
FU or register file and is equipped with a MRT to keep track ef th
resource usage.

Figure 2(b) shows our resource management model congiructe
for the 2x2 CGRA in Figure 2(a) with Il = 3. Nodes for register
files and wrap-around edges were omitted for simplicity. Heafc



Figure 2: Modelling resources in a CGRA: (a) example 2x2
CGRA, (b) resource management model for 2x2 CGRA with
11=3.

the four nodes in the CGRA has a 3-entry MRT, and each edge

specifies that a value can be routed from the source to thé dest

nation resource. When an operation is placed on an FU, the MRT

in the corresponding node is marked as occupied at the sighedu
time. If there are any placed producers or consumers, a kalit
is discovered by traversing nodes along the edges.

3.1.2 Register Assignment and Allocation

With modulo scheduling, the number of registers requirecaby
loop is not known before scheduling. In addition to convemei
register allocation constraints, it may be necessary tp kedtiple
copies of registers depending on how many iterations sepéra
first producer and last consumer. This can cause a problethéor
small, distributed register files in CGRAs as the number tdlto
registers required at a single FU can exceed the local sxdigt
capacity. The available storage must be carefully consitiduring
scheduling as simply pushing register allocation to afteesluling
can result in costly spilling and may require complete resicting
of the loop.

Our approach is to perform a simple register allocation asid a
signment during modulo scheduling. The modulo constrdiat t
is enforced for FUs is also enforced for registers, i.e.rahie an
MRT kept for the each register file. A register value can stay i
the same register up to Il cycles, but the value will be ovétemn
by the same instruction in the next iteration Il cycles lat&hen
a register value is live for longer than Il cycles, it has toelplic-
itly routed to another register file (or to another registettie same
file). Specific entries in the register file are allocated facte vir-
tual register using a simple greedy algorithm. While thiprap.ch
may seem overly simplistic, it effectively guides the saliedto
distribute register usage across the CGRA.

3.1.3 Height-based Scheduling

The problem of modulo scheduling for a CGRA can be viewed as
mapping applications onto the 3-D space consisting of tharfay
stacked up Il times. With this finite scheduling space, miring
therouting costis a critical issue in scheduling, as fewer resources
being used for routing leads to more resources being avaifab
computation. Routing cost is defined as the number of FUgbein
used for routing (passing data from one node to anothergratian
computation. This cost depends on the positions of prodanér
consumer operations in the CGRA due to the sparse interconne
network. This requires the scheduler to be cognizant of yred
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Figure 3: Example showing the placement of producers affest
the routing cost of consumers: (a) DFG for loop, (b) target ar
chitecture which is a 1x4 CGRA, (c) poor schedule that resu$t
in an extra cycle for routing values to Op 6, and (d) good sched
ule that results in no additional routing.

and Figure 3(b) is a hypothetical architecture with spamsercon-
nect where FUs are allowed to communicate only with adjacent
FUs. Figures 3(c) and Figure 3(d) show two different scheslul
both minimizing the routing cost for operations 4 and 5. When
operation 6 is placed, the minimal routing cost is affectgdhe
positions of its two producers (operations 4 and 5). Thigyssts
that the scheduler must proactively choose placementsdiaces
routing costs.

To effectively manage routing costs, we employ two comple-
mentary techniques: height-based scheduling and thetgfbased
placement which is discussed in the next section. Heigbedba
scheduling is a common heuristic used in list schedulingrevbe-
erations are scheduled in the order of dependence heigher-Op
ations with greater height are scheduled first, followed pgra-
tions with lower height. But, for operations with the saméhg a
CGRA scheduler cannot process them individually becaumseepl
ment of one operation has cost implications on the placemfnt
others. Careless placement of one operation might increérese
routing cost of other operations, or even make it impossibfgace
by blocking all of its routing possibilities. Therefore, eations
with the same height are considered together to achievetanalp
placement rather than being scheduled separately. Pessibéd-
ule slots (resource/time pairs) are identified for each ajpam, and
a combination of schedule slots (callethgou) that minimizes the
total routing cost is selected.

3.1.4 Affinity Graph

Routing cost is difficult to minimize during scheduling baesa
the true cost is not known until all producer-consumer paies
placed. With height-based scheduling, consumers are aigner
placed after the producers (except for operations on a mecce
cycle). Therefore, routing cost associated with just thedpcers
is considered when an operation is placed. Even though tite ro
ing cost associated with consumers cannot be measuredtanthe
that the producers are scheduled, it is desirable to acdoutitese
consumers in some way to avoid making greedy decisionsllydea
operations with a common consumer should be placed closeto e
other so that the routing cost can be minimized later.

A measure of affinity is utilized to perform more intelligeszthedul-

and consumer relations so that they can be placed close o eac ing by using information about common consumers. The affinit

other.

between a pair of operations with the same height is a measure

Figure 3 shows how the placement of operations impacts the of how close their common consumer is in the DFG. Operations

routing cost of their consumers. Figure 3(a) is an exampl&DF

with an immediate common consumer have the highest affieity b
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Figure 4. Example affinity graph: (a) DFG for loop, (b) cal-
culated affinities between each pair of operations, (c) affity
graph, and (d) possible operation assignments to a 2x4 CGRA.

tween them, while operations without a common consumer have
zero affinity. Operations with indirect common consumerseha
moderate affinities that decrease based on the distance toth-
mon consumer. The goal is to place operations with high &ffini
close together to minimize the routing cost of the common- con
sumers.

For each pair of operations, the affinity is calculated byking
at their common consumers. An affinity graph is then congtdic
that consists of nodes representing operations and edgeseat-
ing affinity between operations. An example of the affinitamgh
is shown in Figure 4. The affinity graph is constructed for oipe
erations in the first row of the DFG in Figure 4(a). Figure 4i&)
the resulting affinity graph where solid edges represerit aftinity
between operations (a value of 2 in the example) and dottgelsed
represent low affinity between operations (a value of 1).rsPafi
operations without edges have an affinity of zero.

For each pair of operationd and B with the same height, the
affinity value is calculated using the following equationnlpthe
common consumers within the rangernéxdistare considered in
the calculation of the affinity value. The variallam.cons(A,B,d)
denotes number of common consumersiaind B whose distance
from A and B in the dataflow graph equals

max_dist )
Z gmaz-dist=d o pym_cons(A, B,d) (1)
d=1

af finity(A, B) =

When scheduling operations, the scheduler attempts te plac
erations close together according to their affinity. Tweerlate
schedules for the operations are shown in Figure 4(d) thistibte
the use of affinity to eliminate explicit routing operationg per-
forming more intelligent assignment of operations to noidethe
CGRA. The schedule on the left is better because operatidths w
affinity edges are placed closer on the array.

3.1.5 Graph Embedding

In this work, we leverage graph embedding that is commonly
used in graph layout and visualization. Graph embeddingoara
ticular drawing of a graph onto a target space (usually agslan
space). Drawing large graphs “nicely” is not an easy taskreHe
a nice graph usually refers to non-crossing edges and aaredigh
tribution of nodes. The spring embedder model [3] is a wethkn
heuristic approach to graph embedding. It simulates a nmichla
model of rings attached with springs. Each ring represemisde
in the graph and each spring between two rings represertssor
that attract or repel the nodes in the graph. The spring eddred

is a suitable model for our scheduling. Each weighted eddken
affinity graph can be thought of as a spring that attracts tedes
in the graph. An edge with high affinity will attract two op&ces
so that they are placed on the same or nearby resources.

A large amount of research has been conducted for effective
graph drawing using the spring model. Kamada and Kawai pro-
posed an iterative algorithm that calculates attractivkrapulsive
forces for each node and gradually moves the nodes with cespe
to the calculated forces [7]. Davidson and Harel employeiina s
ulated annealing method that improves the cost of the grapbd
on the spring model [2]. However, most works do not fit into our
scheduling problem as they assume a continuous space tiasmer
the discrete, finite 3-D scheduling space. Graph embedding o
a grid-based space is well studied in the area of VLSI ceblahy
known as force-directed placement. These works have soatewh
different objectives, such as minimum edge bends. Li andatéur
proposed a grid layout algorithm of biochemical network2] [t
uses simulated annealing for embedding complicated btz
graphs onto the grid space. We found this solution bestdfite
our problem as its target space is discrete and the objdstplac-
ing nodes with edges close together.

Compared to the target graphs of typical graph embedding alg
rithms, our affinity graph has quite a small number of noddss T
is because we are not scheduling the whole application diirmee
Instead, graph embedding is performed for each height ible
DFG and it is unusual for more than 20 operations to have tmesa
height. Also, the search space is limited by pre-placedaijmers
because pre-placed producers limit the possible slotseif tion-
sumers due to the sparse interconnect. For the search dpstce t
is sufficiently constrained, a simple exhaustive searchficehan
optimal layout of operations quickly. Li and Kurata’s algbm is
employed only for large search spaces where the exhaustarets
cannot finish in a reasonable time.

3.1.6 Skewed Scheduling Space

One of the difficult challenges of scheduling for CGRAs islens
ing that the necessary routing can take place as the CGRAed fil
up with more operations. At the start of scheduling, the CAGRA
empty, thus routing is not difficult. But, as scheduling freds, the
scheduler can easily back itself into a corner and get stuurev
the necessary routing cannot be performed. The affinityisigur
tries to minimize the overall number of resources used fating,
but this is not enough. When schedule times get larger thatiffit
culties often result due to pre-placed operations (reple@source
use by the same operation every Il cycles) and already-plpoe
ducers.

The conventional approach used in modulo scheduling is-back
tracking, where one or more operations are unscheduleddw al
the current operation to successfully schedule [16]. Hardwack-
tracking for CGRAs is much more complicated. First, placamg
operation usually requires more than one resource as mpigiim-
volved. This means that many operations can be unscheduled t
overcome a routing failure. Moreover, re-scheduling opens re-
quires both routing to its consumers as well as from its pcedst
It's difficult for the scheduler to make forward progresswitack-
tracking.

A different approach is to prevent routing failures in ads&nin
general, routing failures to a consumer can be avoided thalre-
sources are free in time slots later than a producer’s tiwe This
is why the acyclic scheduling does not suffer from routindufas
as it has an infinite scheduling space. Likewise, modulocdudhe
ing does not suffer from routing failures within an Il cycléndow.
Further, most applications don’t have enough parallelibat te-
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Figure 5: CGRA scheduling spaces: (a) normal scheduling spa, (b) skewed scheduling space, (c,d,e) variations of skeshscheduling

space.

quires all the CGRA FUs in one cycle. These two observations is to reserve in advance slots for such cycles when the comisum

encourage clustering of the CGRA. With clustering, the Futhe
CGRA are partitioned into subsets. The scheduler can etiize
subset, or cluster, without any routing failures for Il @sl When
the cluster is full, the scheduler can then use anotheresifist the
remaining operations, and so on.

Instead of partitioning the CGRA statically, our approatise
ters the CGRA dynamically where the cluster boundaries ate n
strictly defined. The clusters are formed in a left-to-righénner
on the array. The scheduler gives priority to the leftmostilable
FUs. But when the application parallelism is high, the @uss
dynamically enlarged by being forced to assign operatiotewer
priority FUs on the right. The scheduler utilizegpasition costo
accomplish dynamic partitioning. When an operation is aered
on an FU, its position cost is computed. The position cosetsrd
mined by the column in which the FU lies. Low cost is assigreed t
the leftmost available FUs, while higher cost is assignatied-Us
that lie further to the right.

When a partition of FUs to the left becomes full, values mst b
routed to FUs to the right. To guarantee this is possiblectimeept
of a skewed scheduling space is introduced as shown in Pighje
Unlike the traditional scheduling space (see Figure 5(&gne all
the slots are available at the given schedule time, thetateet of
FUs are restricted such that they stagger down the rightcfitiee
CGRA. Since each FU is only available later than the FU on its
left, the last schedule slot is always available to the dutplue of
the last schedule slot of its left FU. When no operation isgta
on an FU at the original start time, the start time increasdsch
slides down the scheduling space of the FU. When the scimeduli
space of an FU is lowered, scheduling spaces of FUs to itsaigh
also lowered to guarantee the routability. Therefore, thewed
scheduling space dynamically changes as operations arecpia
the CGRA. As the operations at the same height are consitdered
gether to get an optimal layout, the parallelism in the aygpion
at the given height determines the shape of the scheduliagesp
Some applications may not even require all four FUs in one col
umn. In this case, the position cost is augmented with thecast
and the FUs in the upper rows are utilized first. Figure 5@@)afd
(e) show several other possible skewed scheduling spaces.

Assignment of operations to the skewed scheduling spacieswor
well for forward dependence patterns, but difficulties eristh re-
currence cycles. Recurrence cycles contain a communicaad-
tern where a producer is scheduled after its consumer. Thes,
producer will be likely to be placed on the right of its consrmm
and routing becomes difficult since most schedule slots ertet
are already utilized. To address this routing problem, @poraach

is placed. When a producer is placed later, it can use thesved
route. Again, we take the preventative approach to avoidingng
problems rather than solving them when they occur.

3.2 Implementation

Figure 6 presents an overview of our system. It takes thestarg
loop body and description of the CGRA as input. The schedulin
process consists of an initial preprocessing step to aeahg DFG
and set up the skewed scheduling space. This is followed éy th
main scheduling loop that iterates over each level of the &G
find a placement of all the operations at a particular heigimgi
modulo graph embedding.

3.2.1 Preprocessing

The target application is first preprocessed to calculadéights
of all operations based on the distance from the terminating
eration (e.g., the loop back branch). The height of an ofmerat
determines when it is considered for scheduling and thenhelidr
ference between producer and consumer is a rough estimation
the live range of the intermediate values.

The scheduling space is skewed by assigning differenttatsas
to FUs. The same start time is assigned to all FUs in one calumn
Starting from zero for the first column on the left, the stame
staggers downward with each increasing column number.

3.2.2 Scheduling Process

Scheduling proceeds through successive dependence height
els of the DFG considering all operations at a level simatarsly.
Scheduling is converted into a graph embedding problemrmtlagis
the affinity graph onto the skewed scheduling space. Our fnodu
scheduler is implemented based on Li & Kurata's grid laydgoa
rithm [12]. In the remainder of this section, we review baslieas
behind grid layout and describe our modified algorithm.

Grid Layout:  Grid layout treats graph embedding as an opti-
mization problem. A discrete cost function is defined forrepair
of nodes based on the topological relation and the geonats
tions of the nodes in the layout. Namely, high cost is giveremvh
two nodes connected by an edge are placed far apart and law cos
is given when they are placed close together. The cost of-a lay
out is given as a summation of costs for all node pairs. Sitedla
annealing is employed to find the layout with the lowest cost.

Modulo Graph Embedding: Unlike the original problem in
grid layout, our problem has more constraints and costsrisider.
Specifically, scheduling operations at each height hasoitenfing
objectives:



Target Application(sobel) and CGRA Preprocess DFG and Schedule Each Height using Graph Embedding Algorithm Final Schedule
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Figure 6: Overview of the CGRA scheduling system: input is tle assembly code for the loop body and a description of the CGRA
preprocessing analyzes the loop to compute heights and skefe available scheduling cycles for the FUs; the graph is itatevely
scheduled at successive dependence height levels by consting the affinity graph and performing modulo graph embedding of the
affinity graph on the CGRA.

e Place operations with a common consumer close to each other gadiavelt
layout neighbor optimize layout

exhaustive layout

e Minimize the routing cost for values from producers

construct
affinity
graph

e Ensure the routability of values to consumers

identify
primary
slots

update
scheduling
To achieve the objectives above, the scheduling concef@edn —
tion 3.1 are realized in a cost function composed of thremser
routing cost, affinity cost, and position cost. They are alaied
for operations by the following equations. where A and B gre o
erations to be placed andf finity(A, B) is given by Equation 1

from Section 3.1 4- Figure 7: Scheduling process for operations at each succéss

dependence height.
routing-cost(A) = # FUs used for routing values 2)

from producers to A cost of current layout is iteratively reduced using simedbanneal-

af finity-cost(A, B) = distance(F'U(A), FU(B)) (3) ing. First, operations are randomly moved or swapped witteiot
x af finity(A, B) operations to generate a neighbor of the current layout.riEligh-
position_cost(A) = column # of FU(A) x BASE_COST (4) bor layout is then locally optimized. Local optimizationegdily

) L erforms moving or swapping operations whenever the cas-is
layout-cost = Ag (mmmg -cost(4) +p Osmon'COSt(A)) ®) Fd)uced, and thesge actions? gregregeated until no further wraprent
¥ af finity_cost(A, B) can be achieved. The locally minimized layout is evaluatedt-
A,Bé€ops ceptance as an optimal layout. At some points, an uphill mmeve

Grid layout employs a simulated annealing search to find &nop IS taken to escape from a local minima. After the optimal layo
mal layout of operations at each level by minimiziagyout_cost. is discovered, the scheduling space is adjusted to reflecttib-

While the original grid layout maps a graph onto a 2-D plang, o~ Sen placement of opera_tions at the current height and treslatdr
target space is 3-D scheduling space which can have an @nfinit Proceeds to the next height.
search space with varying schedule times. Therefore, wié tira

search space by placing operations only in slots that mrnmout- 3.2.3 Scheduling Example

ing cost, calledorimary slots Primary slots are identified before The process of scheduling each height of the application ont

placing any operations. Even though each individual prinsot the skewed scheduling space is illustrated in Figure 8 withek

has the same routing cost, the total routing cost of a layaghim an image edge detection algorithm. The Il in this example.is 4

vary because routing for one operation might block routimgai- Due to space limitations, scheduling of operations for tiet fhiree

other. Therefore, the routing cost is still considered ia tost heights is presented. Figure 8(a) shows the DFG of sobelland t

function. target 4x4 CGRA. Scheduling for the selected heights istitated
Once primary slots are identified, the size of search spatteeis  in Figure 8(b).

product of the size of each operation’s primary slots. Samet For each height, the affinity graph for the operations is show

the search space can be quite small since pre-placed prsdimnci at the top with solid edges representing high affinity andedbt

the placement of consumers. For small search spaces, ¢ixkeaus edges representing low affinity. The table in the middle, ietidJs
search is employed rather than using the grid layout. A floarith  are represented horizontally and time vertically, shovesésulting

of the scheduling process is presented in Figure 7. layout of operations. Note that the FUs in the left two colgmn
The grid layout process begins with an initial layout obéairy only appear in the table since the other FUs are not used s$n thi
randomly placing operations in one of their primary sloteg- example. Each entry in the table represents a schedule raiot a

ning with the initial layout, the scheduler enters a loop rehne shaded entries constitute the scheduling space of the C@RA (
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Figure 8: Example of modulo graph embedding: (a) DFG of sobehnd target CGRA, (b) scheduling results of first three heighs.

shown in 3-D graph at the bottom). Since FUs are repeatedaigt us DesignName| #RFs | #FUs | #Regs | #Read | #Write
every |l cycles, entries are marked with X’s when they areupéed 5o per RF ports | pors
. . edicated RF 16 1 4 2 1
by prew_ously schedulgd operations. _ _ Shared RE Z Z 10 3 y
At height 11, operations are placed only in the first columa du 16 local 1 7 > 1
to the limit of the skewed scheduling space. Also, operatiwith Central RF T central 16 32 8 4

high affinity represented in solid edges are placed in adfsmEhed-
ule slots. For example, 145 is placed adjacent to 165 and 43 d Table 1: Register file configurations for three CGRA designs
to its high affinity with these operations. Conversely, 1¢placed used for evaluation.
apart from 157 because there is no affinity between 145 and 157
Note that routing cost is not considered at this height stheee
are no producers placed.
At height 10, all the costs, including routing cost, are idesed. All three designs have the same architectural parameteepéfor
As the operations at height 11 were intelligently placededasn their register file configuration. All are 4x4 homogeneousR¥G
the affinity, the scheduler places operations at height tBowt connected with a mesh network, with operation latencieshef t
using any resources for routing. FUs in the second column are ARM926 (e.g., 3 cycles for multiply, 2 cycles for load/stpeand
also utilized to support the parallelism in the applicati®nce no 1 cycle for simple arithmetic).
operation is placed on FU 7 at its original start time of 1, P8 7 Table 1 shows the register file configurations for the three de
start time is increased by 1 and its scheduling space is slichd signs. These designs are the same as those pictured in Rigure
This also implies that the scheduling spaces of FU 11 and FU 15 The central RF design is the same as the dedicated RF design ex
are slid down to guarantee routability. cept that it has an additional central register file share@lby6
Operations at height 9 are scheduled similarly to thoseighhe FUs.
10, again accounting for all costs. Note that the unoccupiets To evaluate the modulo graph embedding scheduler, twebe lo
in the second column at time O can be utilized Il cycles lateeww  kernels are taken from various application domains: sigratess-
output values of operations placed in the first column caotiot ing (fft, fir, iir, viterbi), encryption (blowfish), image prcessing
erwise be routed due to the modulo constraint. For exampke, t  (dct, fsed, sharp, sobel), network processing (channet),védeo
output values of operations 68 and 71 at height 9 can be routed compression (idct, dequant). Only the innermost loop isiztered
using schedule slots of the second column at time 4. for modulo scheduling for multidimensional loop nests.
The final scheduling space of sobel is shown on the righthand . o L
side of Figure 6. 4.2 Evaluation of Affinity Graph Heuristic
The main objective of the affinity graph heuristic is to miigm
total routing cost by using common consumer informatiormbd-
ulo scheduling, total routing cost is affected by otherdast such
. as recurrence cycles and the modulo constraint. In acycfiedul-
4.1 Experimental Setup ing, we can exclude the influence of the modulo constraint@s w
CGRAs can be characterized by many parameters. To evalu- can always find time slots where resources are availabledogas-
ate the performance of our scheduler, three designs wetedtes  ing schedule time. Thus, we evaluated the performance dfinr

4. EXPERIMENTAL RESULTS



With Affinity Without Affinity benchmarks show a utilization of greater than 43%. Fir has th
Eg\lffrsh SCh;;Len Rouze':us SChSefLe” RO“;ZFUS lowest utilization, but more than half of the operations amelti-
channel 16 31 17 £5 cycle operations, including four multiply operations. dilso has
dot 15 57 19 £3 low utilization, but its RecMIl is 4, which limits the achiable uti-
fit 12 22 14 35 lization. Fft and sharp have relatively low utilization bese they
fir 8 3 9 5 have a high number of one-to-many communication patterost-R
fsed 11 2 12 6 ing cost increases with the number of consumers, as the halsie
sharp 21 19 25 23 to be individually routed to each consumer.
sobel 11 2 13 12 On average, the scheduler achieves 56% utilization foreaith-
viterbi 20 52 20 57 marks, with individual values ranging from 44% to 69%. Thisia

age utilization is similar to that achieved by the DRESC cibenp
even though the target architecture of DRESC had a cengisitez

file and denser network connectivity. This shows that the uteod
graph embedding scheduler is able to achieve quality soisitior
significantly lower cost CGRAs.

The modulo scheduler runtimes (last column of Table 3) aae re
sonably fast, as all benchmarks are scheduled within 5 siscom
h @3 GHz Pentium-4 machine with 1G of RAM. This is because

tecture because it has the sparsest interconnect anddreeigthe the_ search space is limited to oper_atlons in the DFG with aimaes
most affected by the placement heuristic. height; thus, fewer than 20 operations are generally censilat

Two cost models were compared to evaluate the affinity graph 3time. Also, schfeduling_ does no:] employ backtrre]tcking_, _aogr
heuristic. One is implemented with both routing cost anchéfi fom rr;]ovement qdop(re]ratloEsaRlat er, systematic heurcirree
cost. (Position cost is not considered as the schedulingesjza rom the DFG guide the scheduler.

not skewed in this experiment.) The other model does notidens b Thi irgplqct o;ldifferent regisftsr filiconfli(gurati?]ns V\r/]as Emg(;
affinity in its cost function, and only tries to minimize raug cost y scheduling the same set of benchmarks on the other two CGRA

when operations are placed. The quality of the schedule & me designs (shared RF and central RF). The utilizations of ¢kalt-

sured by schedule length and number of FUs used for routihg. T IN9 Schedules are shown in Figure 9. For all the benchmalries, t

second and third columns of Table 2 show the quality of thedch s_,ma_lles_t Il was achieved for the ce_ntral RF, showing hingt
ules obtained with the affinity graph heuristic, while tharith and lization in the graph except for blowfish and dequant. Blowéad
fifth columns show the result without it. For all of the bencirks, dequant were scheduled at the same Il for shared RF and kentra

the affinity graph heuristic works well in reducing both thened- RF, but utilizations are slightly higher for shared RF beszadif-

ule length and number of FUs used for routing. Clearly, quidi ferent numper of multi-cycle operations are pipelined. cﬁinhe.
placement using downstream information about consumeirs-is central RF is connected to all 16 FUs, each FU can communicate

Table 2: Effectiveness of the affinity heuristic using acyat
scheduling.

ity graph heuristic in the domain of acyclic scheduling;yotdop
kernels without a constraining recurrence cycle were testehe
dedicated RF design in Figure 1(a) was used as the target arc

portant for CGRAS. with any other FU inl cycle, subject iny tothe gvailabimﬁpons
and register entries. With these additional routing resesyr more
4.3 Evaluation of Modulo Scheduler FUs can be used for computation. The shared RF design ashieve

higher utilization than the dedicated RF design, as eadhtezdile

can be used as a routing resource among the four FUs that share
it. This result shows how increasing register file sharing ma-

prove the quality of the schedule, giving more routing opsido

the scheduler.

Two experiments are performed to evaluate the effectienés
modulo graph embedding. First, a detailed analysis usiegiéu-
icated RF CGRA is presented. Then, we compare the most impor-
tant parameter in scheduling for CGRAs, utilization or fia of
the cycles the FUs in the array perform useful computationafi
three register file configurations.

Scheduling results for the dedicated RF design are showa-in T 5. RELATED WORK
ble 3. The second and third columns show the number of opera- .
tions and the number of communication edges in the appiicsti 2.1 Architectures

respectively. These numbers roughly describe the comratiait Many CGRA-like designs have been proposed in the literature
patterns of the application. The fourth column shows theatiffe The designs have different scalability, performance, amwhpil-
number of operations; for this metric, multi-cycle opevat are ability characteristics as discussed in Section 2.1. Th&REB
counted multiple times according to their latency. Evehéde op- architecture [14] is an example of an 8x8 mesh of procesdimg e
erations can be pipelined with other operations of the sgmuede, ments with both individual and central register files. Mayflys [13]
they increase the difficulty of the scheduling problem asafite- is another example of an 8x8 grid with a more sophisticatéetin
back resources of the node must be used at operation coampleti connect network; each node contains an ALU and a small local
The fifth and sixth columns in the table contain the minimusfor register file. In the RAW architecture [18], each node is altyu
each benchmark. The maximum utilization that can be actlime  a MIPS processor, including memory, registers, and a psaces
limited by these lIs. pipeline. In addition, there are both dynamic and statitingunet-

The next two columns show the Il and schedule length achieved works. PipeRench [6] is a 1-D architecture in which proaagsi
by the modulo graph embedding scheduler. Unlike acycliedah elements are arranged in stripes to facilitate pipeliniRgPiD [4]
ing, Il is a better measurement of performance than schéeludgh. consists of heterogeneous elements (ALUs and registees)LiD
The achieved Il translates into the utilization of FUs shawthe layout, connected by a reconfigurable interconnection ogtw

“util” column. The utilization is calculated by dividing ¢hnum- R .

ber of schedule slots used for computation by the total nurabe ~ 9-2  Compilation Techniques

slots which equals to (# FUs x IlI). “Total util,” shown in thext Many techniques have been proposed for compiling to CGRAs.
column, takes into account the FUs being used for routing. Al Lee et al. [9] propose a compilation approach for a generiRBG



Benchmark | #ops | # edges| eff #ops | ResMIl | RecMIl | Il | schedlen| util total util | time (s)
blowfish 85 99 107 6 1 10 46 0.6500 | 0.8000 2
channel 121 180 187 8 1 16 30 0.6172| 0.8789 4
dct 114 150 142 8 1 13 30 0.6250 | 0.8365 5
fft 52 78 78 4 1 9 25 0.4792| 0.7986 1
fir 23 30 41 2 1 4 14 0.4375| 0.7344 1
fsed 38 48 45 3 1 4 16 0.6875| 0.9062 1
iir 23 33 32 2 4 4 15 0.4531| 0.6250 1
sharp 56 95 72 4 4 9 37 0.4861| 0.8542 1
sobel 39 59 52 3 1 5 17 0.6125| 0.6750 1
viterbi 104 181 124 7 1 14 30 0.5268 | 0.8438 1
idct 119 200 215 8 2 18 41 0.5764| 0.8333 5
dequant 84 141 106 6 3 10 25 0.6000 | 0.8063 1

Table 3: Modulo graph embedding results for the dedicated rgister file CGRA.
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Figure 9: Comparison of utilization rates for three register file
configurations.

They generate pipeline schedules for innermost loop batighat
iterations can be issued successively. The main focus ofwtloek
is to enable memory sharing between operations of difféterd-
tions placed on the same processing element. Our work pespos
a generic scheduling strategy, and memory sharing and sttoér
optimizations can be integrated into our system as a prepssc
ing step. Convergent scheduling is proposed as a genernefra
work for instruction scheduling on spatial architecturg$][ Their
framework comprises a series of heuristics that addresspiemnt
dent concerns like load balancing, communication minitmza
etc. Whereas convergent scheduling focuses on ILP and gespo
a scheduling method for acyclic regions of code, we focusoop |
level parallelism. The work of Mei et al. [14] is closest taowork.
They propose a modulo scheduling algorithm for CGRAs based o
simulated annealing. Our approach differs significantlyhiat we
apply systematic placement decisions and on a skewed dotgedu
space to achieve better convergence and faster compitaties.
Similar to CGRAs, clustered VLIW machines are also spatial a
chitectures. Much work has been done towards compilinglfe-c
tered VLIW machines [5, 15, 17]. Although some of the consept
from these works can be adapted for CGRA compilation, they do
not consider the issue of routing values through the spatse-i
connection network, which is a crucial step. The measurdfiofa

ity used in our scheduler is similar to that used in Krishnethngis
affinity-based clustering [8].

[19] employs similar concept of affinity to minimize commu-
nication penalty in the resource allocation phase. A graptoh-
structed where nodes are operations and edges are insetveekin
nodes that have direct data dependences or common consumers
This graph is then partitioned into cliques and resouraecation
is performed by assigning operations in each clique to timeesa
resource. Time slots for operations are later assignedhiacid-
ing phase. However, this approach that decouples resolloca-a
tion from scheduling is not suitable in modulo schedulingncg
each resource can be utilized only Il times, it is not alwags-p
sible to find proper time slots for operations on their preigised
resources. In our affinity graph heuristic, resource aliocss con-
sidered joinly with time slot assignment.

6. CONCLUSION

This paper proposes modulo graph embedding, an effectide mo
ulo scheduling technique for CGRAs. The sparse intercdravedt
distributed register files of the CGRA present difficult dbages
to a compiler. Our approach leverages classic graph emigddli
draw loop bodies onto a three dimensional graph represgitia
CGRA. We introduce two key concepts to generate high-gualit
solutions by reducing routing cost. First, an affinity grdpuris-
tic analyzes producer/consumer relations to place opestivith
common consumers closely. Second, the scheduling spdeansd
by restricting the assignable FUs and time slots availaimeéch
group of operations to enable dense packing of operatiots on
the array while still ensuring operand routing paths ardlalvke.
Overall, modulo graph embedding achieves average compidte u
lizations of 56—-68% for three different register file configtions,
including a CGRA with no shared register files. Prior apphesc
have only achieved such utilization rates in CGRAs augniente
with multiported shared register files. Our scheduler alsdgms
substantially faster than existing solutions since wetltiné search
space to operations at the same height and employ a systemati
placement based on the producer/consumer relations.
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