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ABSTRACT

Partially reconfigurable devices allow the execution of different taskiseasame time,
removing tasks when they finish and inserting new tasks when they arhigedissertation
investigats scheduling andplaang reaktime tasks (tasks with deadlinepn reconfigurable
devices

Onebasic scheduler ithe First-Fit schedulerBy allowing the FirstFit scheduler to retry
taskswhile they can satisftheir deadlinesye found thaits performance can be enhandede
better than other scheduleM/e also proposeda placementidea based on partitioning the
reconfigurable area intoegions of various widthsassigning a task to a region based on its
width. This ideahas a similar rejectiorate to a FirsEit scheduler that retries placing tasksd
performsbetter than the Firdkit that doesot retry tasksAlso, thisregionsbasedscheduling
method has hetter running time

Managinghow the space will be share@mong tasks ia problems of interesiThe main
function of the freespace manages to maintaininformation about tb free pace(areas not
used by active taskg¥ter any placement or deletion of a taSkeed and efficiency of tHeee-
space data structusge importantas well agts effect onscheduleperformance. We introduce
the use ofmaximal torizontal strips ad maximal \ertical strips to represent free spatais
resulted in a fast free space manager compared to whatiegn used in the area.

Most researchers in the area of scheduling on reconfigurable devices assumed a
homogeneous FPGavith only CLBs in the reconfigurable arellost reconfigurable devices
offered in the market, however, are not homogeneous but heterogevidoothercomponents
between CLBs. We studied the effect of heterogeneity on the performance of schedulers
designedfor a homogeneous structuréVe found that current schedulers result worse

performance when applied eoheterogeneous structureut by simple modificatiog, we can
IX



apply them to a heterogeneous structure and achieve good performance. Consethpeently,
approach of studying homogeneous FPGAs is a valid one, as the scheduling ideas discovered

there do carry over to heterogeneous FPGAs.



CHAPTER 1: INTRODUCTION

A field programmable gate array (FPGA) is a semiconductor device containing
programmable logic components and programmable interconnects. The programmable logic
components can be programmed to duplicate the functionality of basic logic gates such as AND,
OR, XOR, NOT or more complex combinational functions such as decaatessnple math
functions.Besides the programmable logic compongsasne FPGAsclude memory elements,
which may be simple fliflops or more complete blocks of menjor

FPGAs are generally slowand more expensiwban their applicatiospecific integreed
circuit (ASIC) counterparts. Also, FPGAlsaw more poweand cannohandle complex design
like analog design$PGAshave several advantagd®weversuch as a shorter time to market,
ability to reprogram in the field to fix bugs, and lower ngturing engineering cost&PGAS
are moreflexible than ASICs as they cabe modified after the design is committ&r many
digital designs, the design is first developed and tested on an FPGA chip. If any changes need to
be done on the design, the desigwél make the changes to the design and reprogram the chip
for the new design. This process continues till the design is finished and working with no errors.
At this step, the design can be develope&ioASIC for mass production. With lower prices of
FPGAs now and when no mass production is needed, designers in some cases choose to go with
an FPGA instead of an ASIC.

1.1. Reconfigurable Device

Reconfigurable devices are devices such as FPGAs that allow changing the configuration
on the chip. This means ahging the contents of the memory and setting the switches and look
up tables.Partially reconfigurabledevices allow changing part of the configuration while
keeping the remainder of the configuration without changagymamically reconfigurabldevice

is a partially reconfigurable device that allows a part of the chip to continue working while the
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configuration for the other part is changing [X04X042, X05, X07, X08, X09. In principle,
any RAM or FLASH memonbased FPGA can be dynamically reconfigurih the currently
known reconfigurable devices, the main performance overhead spéeelof reconfiguration.
There are several waysreduce the time taken for reconfiguration.

1 When changing only part of a chip, the reconfiguration time in a ggntedonfigurable
chip is less than the reconfiguration time for a fully reconfigurable chip in which the
whole chip has to be reconfigured. In partially reconfigurable devices, the reconfiguration
time is usually proportional to the area being reconfigure

1 In nondynamically reconfigurable devices, the entire chip halts during reconfiguration.
In dynamically reconfigurable devices, only the part that needs to be changed halts while
the rest of the chip is executing. This can reduce the reconfiguratienrt dynamically
reconfigurable devices as the reconfiguration time can overlap with the computing time
of the unchanged part.

1 Multiple-context configuration memorynaps successive configurations into multiple
contexts of the configuration memory. Thezonfiguration is performed by swapping a
selected inactive configuration memory context into the active context. The configuration
in the active context controls the programmable switches on the reconfigurable device.
This "context swap" can be performgdickly across the entire configurable array, so
these devices have the shortest dynamic configuration times. Multiple contexts can be
applied in fully, partially, and dynamically reconfigurable devices.

An FPGA can execute several tasks in parallel. dihkty to reconfigure a chip (fully or
partially) allows removing tasks from the chip and replacing them with other fEsksopens
some opportunities for researchers to study several aspects aftimgpesystems for these

devices, designing some systsarvices that will help in utilizing chip resources and supporting
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mul tiple applications [ DW99]. These system ser
[B96, WP032]. Designing an operating system for a reconfigurable device is similar to
designirg an operating system for embedded -temé operating system (RTOS) kernels for
microprocessors [SWP04].
1.2. Scheduling Problem

The task schedulingproblem for a partially reconfigurable device involves three key
activities: detemining when to execute ties and where tplace the tasks on the reconfigurable
area, and managing free space to efficiently use the resources. Giventahashks to be
executed, a scheduler uses information about the currently free space to find whether a
placement exists far If so, then the scheduler places the task and begins its execution. If not,
then, depending on the specific problem, the scheduler may reject the task or attempt to schedule
it to execute at a specific future time or retain the task to try to placetitei future. The
schedul er6s jJjob also includes deleting finishe
the scheduler is to update the free space representation accordingly. To achieve these goals, we
divide the job among three modules, where #itheduler is the main module, the placer is a
subroutine of the scheduler, and the free space manager is a subroutine of the placer. To
simplify the explanation, we will describe the actions of the modules for new tasks, saving for a
later time the disgssion of retrying tasks that did not find an initial placement. These modules
are as follows.

U Scheduler The scheduler manages the task scheduling process. It decides on a
starting time for each task based on the information given by the other modules
about the status of the chip (free space, occupied space, future status, etc.). To get
this information, it passes task requirements to the placer module. Also, the

scheduler module keeps track of executing tasks, and when a task finishes
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executing, the $wduler passes this information to the placer to remove (delete)
the task from the chip.

U Placer. When the scheduler passes information about a new task, the placer tries
to find a location at which to place the task. If it finds a placement, then it
requess the free space manager to update the free space. When the scheduler
passes information about a task to be deleted, the placer deletes the task from the
chip and requests the free space manager to update the free space.

U Free Space ManagerThis module raintains a free space data structure to keep
track of free (unoccupied) space. If the scheduler only places tasks to start
immediately, then the free space manager needs to maintain informatooyon
the currently free space. If the scheduler can agagks to start at some time in
the future, then the free space manager must also maintain information about free
space as far in the future as tasks are scheduled.

Different variations of the scheduling problem exist, for example, in the offline veadidasks
are given initially along with their release times (first time at which each task can start
executing), while in the online version, the scheduler has no information about tasks to arrive in
the future. Different variations of the scheduling peof will be discussed in detail the next
chapter.

In part of this work, we will design a scheduling system that includes the three modules.
We are interested on solving different scheduling problems. The first problem we solved is
scheduling reatime tasks with deadlire For ease otliscussion, we will call the scheduling
system as a scheduler. The results generated by proposed schedulers will be compared to results
for basic schedulers and also will be compared to schedulers proposed in the asscontde

objective is to construct data structures to manage free space informatidghatcan provide
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quick and efficient way$or a generic online placeo find a required area. These data structures
should also be able to efficiently update the freace records when a task finishes. The third
objective is to investigate how the heterogeneous structure of currentsFé¥BAaffect the
performance obéchedulersAlso, one of our objectives in this part is design a new scheduler
for heterogeneous strtures that has a performance close to the performance of schedulers on
homogeneous structures.
1.3. Outline

Chapter 2 outlinea background on reconfigurable devices and also defines problems of
interest in this researcreaand theirrelevant parameter®rior work is reviewed inChapter 3.
In Chapter 4we explain in detail schedulers that have been used in the area by other researchers
and the enhancement we added to these schedulers. AGmapter 4 we will explain the first
main contributiorof our reserch which is the regioAsased scheduler. Results that compare all
presented schedulersimbe describedat the end of Chapter 4. Inh@pter 5 we will discuss
different data structures in the araadwe will examine a widely useflee space datdrscture
(maximal empty rectangles) and dethié update process for the data structure each time a task
is inserted or deletedn Chapter 6 we will present the use of maximal horizontal and vertical
strips (MHVS) as a free space data structure. Resuitsnparing existing data structgrevith
MHVS setwill be presented ilChapter 6. Chapter 7 will study how the heterogenstusture
of an FPGA chip can affect the performance of the schedaled we will suggest some
recommendatiosion how to reduce th effect. We will present a scheduler designed to work on
heterogeneous FPGA Results that show the performance of current schedubers
heterogeneous structgreompared tdhe proposedscheduler will be shown in the same chapter.

In Chapter 8we will present some open problems



CHAPTER 2: BACKGROUND

In this chapterwe will cover the characteristics of the problems with which we are
dealing and also we will give a background description on reconfigurable devices and their
structure. The problem characteristics include the characteristics of the tasks on which the online
scheduler works and also include various parameters and capabilities of online schedulers.

2.1. Reconfigurable Device Models

One can classify reconfigurable deascbased on the structure of the chip and how tasks
can be placed on the chip. A reconfigurable chip consists of a number of reconfigurable units
(RCUs) arranged in a rectangular grid of aréac wherer (c) is the number of rows (columns).

The placer ca model this 2D area as a 2D space or a 1D space [SWPTO03] (Bigurén a 2D
model, a task can have sikeé w for anyh ¢ r andw ¢ c. A placer can assign a task to any
region of free space as long as this free space has a width greater than ar waquna & height
greater than or equal to In a 1D model, each task will be treated as if its height is spanning the
heightr of the chip regardless of its original height and can have any widtie. This model
corresponds to the partisdconfiguration in some FPGASs, such as the Xilinx ViiteXirtex-II,

and Virtexll Pro families [X05], in which the smallest unit of partial reconfiguration is a column
of RCUs. In a 1D model, tasks can be placed only along the horizontal device diméitao

the task is placed, the remaining free space in the columns used cannot be used to accommodate
any other tasks before the current task finishés. finegrained reconfiguratioof the2D model

is not available in the market. Some new shgvaildle in the market fall between 1D and 2D
and allowconfiguration to be done on blocks less than a column heighex-4 andVirtex-5

[X08, X09]. Some recent research targetkdse capabilities dhe Virtex-4 [LBMO06, SBB0gG

and Mrtex-5 [CGGO08, HPLDO08]Congeret al. [CGGO0§ usedthis ability and proposed partial



reconfiguration (PR) design flow methodologies to help designers to use the capabilities of PR
without having to deal with many internal details. Al$tyang et al. [HPLDOS8] created a
structure that allowghe smallest unit of reconfiguration to be 16 CLiBsa column They used

this structure to propose an FP®Ased scalable architecture for DCT computation.

T5

(a) 1D model (b) 2D model
Figure 2-1 Different models of reconfigurable devices

Most of the work in the area of reconfigurable design assumes a homogeneous FPGA
area in which the task can be placed anywhere on the chip with no consivaints FPGA
chips ae not homogenous but there are some buRéd/ modules and some multipliers
between the CLBs, as shown in Figurg.Zhe assumption of using homogeneous structure was
made for several reasons. One of the reasons is that the scheduling problem on 2[3 model
hard problem and it isiseful to study an easiefersion of the problem first as assuming
heterogeneous structure will make it harder.

The problem of scheduling and placing a set of tasks on an FPGA chip is similar to the
classic bin packing problethat has been attacked by many researchers in the scheduling field
[C83, CW98] wherelte goal is to pack a collection of objects into the mimn number of
fixed-size "bins". Some of the designed online schedulers are based on similar ideas to bin

packingalgorithms [BKS00]. Researchers have proposed many algorithms for placement under a
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variety of assumptions about tasks and the reconfigurable device [ABT03, BKS00, SWPO04,

SWPTO03, WP04l].

SelectRAM Blocks SelectRAM Blocks
| | 7 ) b S,

2 CLB column

2 CLB columns
2 CLB column

2 CLB columns
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n CLB columns
2 CLB columns
2 CLB columns
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SelectRAM Blocks

|
Y A N N

2 CLB columns
n CLB columns
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2 CLB columns
n CLB columns
n CLB columns
2 CLB columns

Figure 2-2 Chip structure in Xilinx XCV series [X07]
The problem can be different based on whether the chip is a 1D model or a 2D model.
The difference between these two models makes a difference in how to design the placer
algorithm as the way to handle the free space in the two models is diffecbedubrs have
been designed for both the 1D model [AT&3S04, DP0&., KPR04,SWP04, WP04l], for
placing 2D tasks on 1D structure as [FVA08, HSB06, SBHB08, SKHBA8for the 2D model

[ABBTO04, ABF04-1, ABT03, BKS00, SWPTO03, TFS01, TSMMO04[he scheduler fothe 2D



model is more complicated as the amount of data that needs to be known about the free space is
more than the amount of data that needs to be known in the case of the 1D model.

Researchers are also interested in different problems by having mlifessumptions
about the set of tasks they are handling. One main difference is handlhtigneeghsks (tasks
with deadlines) or handling tasks without deadlines. These variations are not all explored and
there is still room for improvement on problenseady studied; some problems have not yet
received much attention such as +@ae tasks (tasks with deadline$)ost of these ideas will
be discussed in the prior work review in Chapter 3 and some will be covered in Chapter 4 in
some detail.

Schedulingand placing problems come in offline and online varieties. Offline problems
assume that all information about all tasks is available initially, and the algorithm is looking for
the best placements for all of them to satisfy certain criteria. As has toeedsbefore BKS00,
FKTO1], the offline placement problem for a general set of tasks (tasks with no constraints) is
NP-complete, so it is very unlikely that an algorithm exists to obtain an optimal solution to the
problem in less than exponential timearfnline problems, on the other hand, the algorithm is
not aware of tasks that will arrive in the future. Decisions of the algorithm are based on the
current information on hand about already arrived tasks.

Tasks have different characteristics includiagival time, execution time, shape, and
size.

1 Arrival time is the time the task arrigeGenerally, this is the first time at which
a placer receives information about a task and also is the first time at which the
task can begin execution.

1 Execution time is the total time needed by the task to finish and includes any

reconfiguration or loading time.
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1 Task shape Almost all placers assume thatask has a rectangular shape with

the size of the task defined by width) (@nd heightl).
Task size Mostwork in the areaassumes tha scheduler cannot chante size
of atask even ifthe taskwill keep the same argehut some work assumes that

task can be rotated\JT03].

These parameters are the basic parameters; other parameters exist depem#ingabiem at

hand.

Deadlineis the time by which the task must finish. If a task is not able to satisfy
its deadline, then it has to be rejected.

Laxity expresses the amount of slack time available between the current time and
the deadline, in which aask can wait before being placed and still satisfy its
deadline: axity =deadlinei current time’ executiontime.

Precedencemeans a certain task has to finish before another task can start.
Problems with precedence have been attacked by some resgafabresome
specific problems with constraints, optimal solutions can be found. Fekele
[FKTO1] found an optimal solution for a placement problem with precedence
between tasks

Priority level for tasks is another parameter. Priority among tasks aniag at
different levels in problems. Priority can be considered between tasks that arrive
together so that, based on the priority, the placer decides which task to start
placing first. Priority also can be considered on a higher level in which the placer

can stop (pre&mpt) a currently executing task to place a higher priority task.
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The final parameter that classifies a problem is the set of choices for how the placer
responds to arriving tasks. When a task arrives, the response of the online schetitier a
placer can have two or more options. The two options common to all schedulers are:

1 Yes: place immediately, and

1 No: reject the task.
For tasks that cannot be placed immediatsigmetimes the placer can choose from the
following options.

1 Maybe: theplacer found no placement now, but, while laxity remains, the algorithm will

try again in the future to find a placement that will still satisfy the deadline for the task.

1 Reserve: the placer has identified a known placement in the future and reserved the area
for the task.
2.2. Performance Measurement

Different ways exist to measure the performance of a scheduling algorithm. The
particular problem we are trying to solve deteras which are relevant.

1 Rejection ratio: ratio of the number of rejected tasks to the total number of tasks arrived
during a certain time period.
1 Routing cost[ABBTO04]: cost to route the communication required by each task. This

communication can be beden the task and other tasks or the boundary of the chip (I/O).

The routing cost is the sum of the weighted distance between the communicating points.

Weighted distance represents the distance between the two communicating points

multiplied by a number thadepends on the width of the communication channel and

amount of time for which it needs to be established. If there is no communication
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between two modules or between the task and the boundary of the chip, then the routing
cost between the two tasks @tlween the task and the boundary is zero.
1 Total execution time the total time taken by all tasks to finish executing starting from
when the first task begins executing until the last task finishes.
1 Average waiting time [WSPO03]: waiting time is the timéhat a task has to wait until
space becomes available. Average waiting time is the total waiting time divided by the
number of tasks.
The particulars of a problem determine task characteristics and which performance criteria are
relevant. For instance, fdasks with deadlines, the rejection ratio is important, while for tasks
without deadlines, this is irrelevant.
2.3. Standard Approaches in Schedulers

Several basic ideas have been implemented in the area of offline and online schedulers.
Each method has iedvantages and disadvantages. One of these basic idees Sit (FF). It
is obvious from the name of the algorithm that FF places a task in the first place found to
accommodate the task. There are different versions of FF based on where to stargstec
chip. FF may search the chip from the botieft corner going right then to the top of the chip.
Other ways of searching free space exist depending on how the free space is represented. One of
the main advantages of FF is its easy implementafoe. of the disadvantages of FF is the use
of the first found location to place the task without looking at how this decision will affect the
placement of tasks in the future and how this decision will affect the chip utilization.

Best Fit (BF) is the s®nd standard algorithm for this type of problem. BF searches all

possible locations on the chip for the best location in which to place the task. The definition of

fbesto | ocation depends on minimizing or ma X i

sufficient width and height, some of these criteria are:
12



U smallest area,

U smallest width,

U smallest height, and

U least routing to the 1/O pins.

The time needed fd@F to find the best placemevidries based on the way that free space

is represented. A search can involve anything from searching the whole chip to just searching the
first few items in an ordered data structure. BF has an intuitive advantage over FF in that by
selecting the best lation to place the task, it leaves free space that is less fragmented after
placing the task than that left by FF. On the other hand, BF is slower than FF because FF can
schedule a task as soon as it finds a sufficiently large free space, while BF mmsteeat

possible locations.
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CHAPTER 3: PRIOR WORK

In this chapter we will present some of the work done in the area of reconfigurable
devicesOd6 operating systems. There are sever a
slightly different. As mentioned before, some of the differences between the problems come
from the different task parameters and algorithm parameters. These different problems make it
hard to compare the work in the area to other researchers unless they deal wamehe s
problem. Some different problems and the questions raised in this area were presented by Diessel
and Wigley [DW99]. They identified several opportunities and aspects of task placement on an
FPGA. Their technical report laid the foundation for mosthef work in the area. They stated
the reason behind the need for an operating system to control the function of reconfigurable
devices, and they outlined most the functions to be performed by the operating system. These
functions include, but are not limdeto: design capture (the method of specifying the
application), partitioning, placement, routing, and scheduling. They also raised some questions
and issues on scheduling and placing such as task sizing, task placememntptimg tasks, and
inter-task @mmunication.

Most of the work done in this area targets the reconfigurable devices made by Xilinx,
particularly theVirtex family of FPGAs [X041, X042, X05, X07]. Some recent work targeted
Virtex-4 andVirtex-5 [X08, X09] chips.Because of the differémperating system functions of
interest and the different problems of interest to researchers, this chapter is organized as follows.
The first part of the chapter will deal with the offline problem. In the second and the third parts,
we will review the wok done in the area about 1D online schedulers and 2D online schedulers.
Then we will present some ideas of the work done on two main aspects of the operating system:

defragmentation and free space management.
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3.1. Prior Work on Offline Problem

The general dline problem for scheduling a general set of tasks on an FPGA, without
any dependence among tasks, istNB mp | et e . For the problem fAseq
and deadlines, 0 a set of tasks is givwant, each
to determine whether there exists a-pnecessor schedule that satisfies release time constraints
and satisfies all deadlines. This offline problem isd¢dhplete [GJ79]. The offline placer for a
general set of tasks on an FP@@&neralizego this poblem and that is why this offline FPGA
scheduling problem is NPomplete. Since a solution to the online scheduling problem implies a
solution to the offline problepwe can conclude that the online problem is alsecNi®plete.

Feketeet al. [FKTO1, TFSO] presented algorithemto solve the problem of offline
scheduling for a set of tasks with precedence constraints. They were able to solve two problems:

U find the minimumexecution time of the given problem on an FPGA of fixed size, and
U find the FPGA oiminimumsize to accomplish the tasks within a fixed time limit.

3.2. Prior Work on 1D Schedulers

As described before, the problem of schedulingsed of reattime tasks ona
reconfigurable device is similar to bpacking problems. There are several heugdiat solve
bin-packing problems. Chazelle [C83] implemented a botefinheuristic for two dimensional
bin-packing. He proved that his algorithm can pack (insemgctangles in an infinite height
vertical bin of fixed width with the botto#ieft heurigic in time O(n%), usingO(n) space. This
algorithm complexity is for insertion only without deletions.

Steiger et al. [SWP03 SWP@] presented heuristics for two online schedulers: the
horizon and the stuffing techniques. They first presented the deheda work on the 1D

model, and then they showed how to change these algorithms to work on the 2D model. They
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found that the 1D model schedulers depend on the task aspect ratio. They also discussed design
issues for reconfigurable hardware operatingesystand the problem of online scheduling for
reaktime tasks with deadlines to partially reconfigurable devices.

Walder and Platzner [WP@B discussed different area models for reconfigurable
devices.They also introduced a 1D blogartitioned model ah devised an online scheduling
system that schedules tasks according to severapm@mptive and preemptive policies. The
block partition is similar to our regions methdch@pter 4), but the regions method targets a 2D
model. They designed their schesluto schedule redime tasks with deadlines, but in their
simulations they used average response time as a performance measureeyelate[WP03
2], continued their earlier work [WP@Q and implemented a case study based on the XESS
prototyping boad (based on the Virtex XG800 FPGA). The case study executes a
control/dataflow application that performs networking and multimedia tasks in an OS
environment.

On the same trend, Baskarah al. [BJS04] enhanced the work done by Walder and
Platzner [WPG-1]. They introduced an efficient partitioning algorithm for the placement of real
time tasks on a 1D reconfigurable model. Instead of just using a fixed block size, their algorithm
allows merging and dividing blocks to generate blocks with differens.size

Kalteetal.[| KP RO 4] presented a fAsystem integrat.
grained, 1D placement of modules on a Xilinx Virtex FPGA. They focused on designing a
system that can work on current FPGA tools. They focused on the hardwaite deth
explained the details of the hardware implementation. For communication between modules,

they proposed a tgtate bus that spans the whole chip in a horizontal manner and through this
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tri-state bus they allowed the communication between moduttbetween modules and the
chip border.

Chenet al [CHO5] proposed a fragmentatidrased scheduler fa 1D structure. They
defined a metric composed from the area and the execution time ofthansgkel this metric to
choose the best placement for the task on hand adiestfit strategy.

Hubneret al. [HSBO06] discussed in detail the memory configuration and the structure of
the Virtexll architecture. Also they showed how communication will be done in a celumn
oriented manner. They divided the reconfigurable area of the design into vertical comfigurati
slots. A module can be placed in any of these slots regardless of its vertical position within the
slot. Also they proved that within a slot one can place different modules on top of each other as
long as the sum of the module heights does not exceeslahheight.

Some researchers presented ideas to schedule 2D task®anodel. The main problem
they faced is the way the reconfiguration is done in a 1D reconfigurable device, as the whole
column has to be reconfigured and so the task height hgsatothe entire height of the chip.
Ahmadiniaet al. [ATO03] presented an online placer for a 1D model of a reconfigurable device.
Their algorithm selects a placement for a task as if in a 2D model. To actually place the task on
the FPGA, the algorithm prewpts tasks that share a column with the new task and places all of
them together. As the algorithm has to preempt some tasks, the algorithm schedules the new task
in the location that has the least interference with the currently placed tasks. Interference
between tasks in their work means sharing the same colism,. they allowed task rotation
mainly to makeh Ow as their algorithm igolumn orientedThey also suggested that when a
task finishesthe algorithm will not delete the task from the chip Wilt keep it as long as the

space is not otherwise needed, in case it is needed in the future.
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Sedcoleet al. [SBALBO5] proposed two methods for implementing dynamic partial
reconfiguration on the Virtex chiplso with a goal of placing 2D tasks on a friddel The
proposed methods enable the modules to be placed on arbitrary areas of the (RR&A.
researchers have also studipthcing 2D tasks in 1D slots [FVA08, HSB06, SBHBOS,
SKHBO08].

Periodic tasks are tasks that must be executed at regular istdrlialdeadline for these
periodic tasks can be defined as the start of the next interval (period). Danne and Platzner [DP05
1, DP052] presented two scheduling algorithms foe placement of periodic re@me tasks.

The first algorithm is an adaptatiai the well known Earliest Deadline First (EDF) heuristic.

The second algorithm uses the concept of servers that reserve area and execution time for other
tasks. Tasks are successively merged into servers, which are then scheduled sequentially. Danne
and Ratzner [DP061] extended their work by applying a partial scheduling approach. Also they
assumed that the same task can be implemented in different variants. The variants of tasks are
differing in area and speed characteristios,example fast but resorceconsuming and slower

but resourcesparing versions. By extending one of the heuristics for the 2D level strip packing
problem, their partitione®DF scheduling approach achieves acceptable device utilization.
Danneet al. havecontinuedworking on periodic taskEDMP06, DP061, DP062].

3.3. Prior Work on 2D Schedulers

In this section we will discuss some of the work done in the area on 2D online
scheduling. As current FPGA devices do not alfove-grained2D placement, researchers have
made someassumptions and designed their 2D schedulers basd¢ddeon Ahmadiniaet al.

[ABTO3] presented two clustering methodologies that clustertireal tasks before placing them

on the reconfigurable devicén their research they targetadully reconfigurabé FPGA.The
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main idea behind the clustering is to collect some tasks that have similar features to be placed all
together at the same time. They had two types of clusters: the first one is based on tasks with
similar run time, and the second one aims dticeng communication among clusters by using a
tradeoff function for intertask communication. They used FF as the placement heuristic to place
these clusters on the chiphe results showed significant reduction in communication Tosty
handled reatime tasks with deadlines. Whéme algorithmconstrucs the clustersit checks that
each task withira cluster will satisfy its deadline when placed at the cluster start time.
To minimize the communication costs among running tasks and between russkag t
and the outside of the chip, Ahmadimtal. [ABBT04, ABF04-1, ABF04-2] presented a new
idea for an online scheduler. To reduce the communication cost, first, they found the optimal
placement of newtask to minimize the communication cost with tugrently executing tasks.
Second, they tried to find the nearest possible position to the optimal point to place the task
without overlapping with any of the currently executing tasks.
Taberoet al. [ TSMMO04] presented several heuristics for selecting tasation based on
a vertex list structure which they had develop&M$03. They applied their algorithm on a
reattime set of tasks with deadlines and used the rejection ratio as a performance measurement.
They compared the classical FF with the bottefh heuristics to the FF algorithm operating
with their vertex list approach. Also they compared the same for the BF algorithm and they
proved that the vertex list enhanced the performance of the classical FF and BF algorithms.
Handa and Vemuri [HVO&] used an area matrix of size equal to the size of the
reconfigurable device. Each location in this matrix represents one CLB on the FPGA and
indicates whether the CLB is occupied or free. They designed three different hardware

architectures to be placed @ small portion of the FPGA to achieve ultaat placement. The
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three hardware architectures search in the area matrix to find a free space to place the task on
hand.

Handa and Vemuri [HVO4] proposed a task queue management data structure for in
orde and out of order task scheduling strategies. Thaerdertask set means that tasks in the
input priority queue may be data dependent upon each other, so the tasks need to be processed in
order. In out of order processing, the tasks are not data depeneneach other, so they can
be executed in any order. They maintained empty area as a list of maximal empty rectangles.

As a different approach to solve the 2D scheduling problem, Bazatgain[BKSO00]
presented the idea of mixing the hardware soitlware execution of tasks. They assumed that
when a task has rfeee location to be placed on the chip, tiitetan beexecutedn software at a
time penalty. They combined their offline placement with a scheduling algorithm. The offline
algorithm givesestimates of the available reconfigurable functional unit area, and the scheduler
can use this information to schedule the tasks. They tried different free space search heuristics
and applied them on the two basic algorithms: First Fit and Best Fit. THadtips applied when
a task has to be executed on the software were the comparison parameter they used to compare
these algorithms. In their simulation they found the SSEG (shorter segment) and LSQR (larger
square empty rectangle) are the best among ipartiy heuristics that keep onf9(n) empty
rectangles.

Walder and Platzner [WPO02] introduced a new operation, footprint transform, to be used
with the current online schedulers. A footprint transform changes the shape of a task. This
process is more aaplex than relocation. The idea behind the footprint transform is that they

assumed that task shape does not have to be rectangular. They assumed that tasks-are coarse
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grained norrectangular and that they consist of rectangular subtasks that can be gllaced
separately at the same time and save space.

Steigeret al.[SWPTO03] designed two online placers to deal with tasks that have arbitrary
arrival times and synchronous (periodic) arrival times. Their algorithm uses an enhanced version
of the noroverlapping empty rectangles to manage free space. In their worlefiregeredthe
empty rectangles as tree nodes, and they formed an algorithm that allows insertion, deletion, and
merging of rectangles from the tree. Theydigee First Fit algorithm as a reference point with
which to compare their work. They dealt withaktime tasks with deadlines, so they used
rejection ratio as a performance measurement. Also, they used the run time of the schedulers as a
way to compare their work to FF. We compare our work on the rdmead method to their
results in Chapter 4.

Other recent research existsthe area of 2D schedulifgBF07, CGLDO07, CDHGO7,
TSMMO06, TNY0G ZWHPQO7].

3.4. Prior Work on the Defragmentation Problem

Diessel et al. [DE97, DEO1, DEMSS00] proposed effective heuristics to solve the
problem of fragmentation bmoving tasks on the chip to free more space to accommodate the
new incoming tasks. They called this process as task compaction, and they have two types: full
compaction and partial compaction (all taskastbe moved or just some of them). The task
compadbon is done by reloading the task configuration and state.

Kalte et al.[KPRO04] discussed the issue of defragmentation. They studied 1D placement in
which defragmentation is less complex than in the 2D case. To place a new module on the chip,

the algorithm removes (some) existing modules from the chip and places them atijercloip

21



in different places in order to build one or a few coherent free areas that can be used to place new
arriving tasks. The reallocation process means placing tasks again from scratch.

One of the good works presented in the area of defragmentatitve work done by
Septienet al. [SMMTO06]. They presented a fragmentation metric to estimate when the FPGA
fragmentation status is critical. Also, they presented several heuristics to perform-the de
fragmentation process when the chip reaches a critiaals. Their heuristics are based on using
the vertex set list presented by Tabetoal. [TMS03 to represent the free space on the
reconfigurable chip.

The work done by Van der Veest al. [VFMO5] extends the work of Teicht al.
[TFSO1]. They preseat a defragmentation algorithm for an FPGA. Their algorithm is based on
the idea of packing classes and uses an optimal solution for the 2D strip packing problem.

While most researchers are trying to solve the problem of defragmentation by designing
algoithms to help reducing the defragmentation and increase the chip utilization, Cahpton
[CLCO2] decided to attack the problem from a different direction. In their work, they proposed a
new architecture designed specifically to exploit the benefitsuaitime relocation and
defragmentation. They referred to their architecture as the Relocation/Defragmentation (R/D)
FPGA.

Handa and Vemuri [HV04] proposed a fragmentation metric different than Seten
al. [SMMTO06]. They assumed that if an emptyctangle can accommodate a task as large as
twice the average size of the task being placed, then the area inside that rectangle is not
fragmentedThey build a fragmentation matrix based on thisiagsion and used it to design a
fragmentatiorbased placesnt strategyTheir proposed placement strategyrks better than FF

and BF placement strategies.
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Gericotaet al. [GASF02] proposed an idea to solve the problem of defragmentation by
making a copy of all CLBs without interrupting the currently executasggs. The idea is to then
apply the defragmentation technique on the copy and transfer all the state information and
routing resources to the new copy. When everything is ready, stop the original and put the copy
in active statusOther researchers have continued investigdtenggmentatiormeasurements and
fragmentatiofbased schedulers [EESQ7EES072, FVA08, KKP06, SMMTO8].

3.5. Free Space Management Prior Work

Bazargaret al. [BKS00] proposed one of the main techniques in the afdeee space
management. Most of the work done in this area is related to their work. They proposed the idea
of representing the free space as a set ofavemlapping rectangles, and showed how this
representation can help in finding a placement foewaly arrived task and also they showed
how this representation can be updated when a task is to be deleted from the chip. Free space
stored as nowverlapping rectangles does not recognize all the empty rectangles. This can lead
to some tasks being rejedteven though there is enough space to accommodate them but this
space is divided between two Rowerlapping rectangles. To solve this problem, they presented
the idea of allowing overlapping of the empty rectangles, specifically overlapping maximal
empty rectangles (MERSs). They call this method as Keeping All Maximal Empty Rectangles
(KAMER). For n tasks we can havé(n) nonoverlapping rectangles and in the case of MERs
we can haveéd(n?) rectangles. They proved that searching themarlapping emptyactangles
to find those that can accommodate the module can be dabéilog n) space to store the
empty rectangles an@(log n + K) time to check which empty rectangle can accommodate a
task, whereK is the number of reported candidate rectangles (rglga that have enough space

to accommodate the task).
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Ahmadiniaet al.[ABBTO04] proposed an idea of managing the occupied space rather than
the free space on the chip. They proved that by managing the occupied spagdatbaent
algorithm has a confgxity of O(n) compared t@(n?) for the KAMER proposed by Bazargah
al. [BKSO00], wheren is the number of running taskgo test the performance of their scheduling
algorithm that keeps track of occupied spaheytcompared their work to the classical FF and
BF, establishing that their algorithm can achieve better results.

Steigeret al. [SWPTO03] developed an enhanced version of the partitioner presented by
Bazargaret al.[BKS00]. Bazargaret al06 placer useseuristics to decide whether a free space
rectangle is split vertically or horizontally upon task placement. The key to enhance this
partitioner is to delay the decision of which way you split the free space rectangle till the new
task arrives.

Walderet al. [WSPO03] presented three partitioning algorithms based on the Baztrgan
al. [BKS00] approach. They enhanced the 1omerlapping rectangles technique. Two of these
approaches are similar to other work done by them [SWPTO03]. The third is basedDon a 2
hashing table to find a feasible task placement with a run time complex@flpfbutthey did
not account for reconfiguration time and also they did not account for the update time needed to
update the hashing table.

Taberoet al.[TMS03 presentecn area management algorithm to manage the free space
on the chip. Their techniques derive from-pecking heuristics. They represented free space by
vertex sets; each one describes the contoanahoccupied area fragment in the reconfigurable
device.Some of these vertices may be used as candidate locations to place tasks. Their approach
has a reasonable complexity ©fn?) time, wheren is the number of running tasks, and gives

good results in terms of device fragmentation.
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Handa and Vemuri [HV04£2] designed an algorithm to find the free space on an FPGA
and represented this as a list of overlapping maximal empty rectangles. They converted the
representation of free space on the chip to staircases, and they used the staircase data structure to
find the overlapping maximal rectangles list.

3.6. Applications Using Reconfigurable Devices

Partial reconfiguration at rutime can save hardware in several types of applicatieor
example, Beckeet al. [BHHO7] presented rwtime reconfigurable systems in the automotive
domain. Their motivation to use one FPGA in the place of several chips was the increasing use
and cost of computer hardware in automobiles. Also, Se@taée [SBB0G designed rustime
reconfgurable solutions for softwaigefined radio and video image processing. In all these
instances, hardware reuse was prominent.

Braunet al.[BHBO7] used the Xilinx \ttex-1l as an adaptive circugwitched Network
on-Chip. They implemented a new switclnat resulted in reducing the controlling logic.
Controlling the switch can be dory reconfiguring he content of specified loekp tables.
Andersonet al. [AFKO08] designed an adaptable signal processing prototype basediotime
reconfigurable systeniHuanget al.[HPLDO8] created a structure that allotir® smallest unit of
reconfiguration to be 16 CLBEs a column They used this structure to propose an FR@8ed
scalable architecturef DCT computation. By usingartial reconfiguration, the elemts of the
DCT architecture can be changed at-tume without the need to stop the chip while changing
the configuration. Some applications will benefit from improvementin time like audio and

video applications.
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3.7. Scheduling on Heterogeneous FPGAs

Very few researchers designed schedulers for heterogeneous structures.eFeltete
[FKS08] proposeda new methodbased on dynamic relocation of module positions during run
time. In their research they consideradlD model chip. They proved that they had an

improvement in the quality of the module layout over static layout by 50%.
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CHAPTER 4: ONLINE SCHEDULERS AN D PLACERS

Different problems in the area of scheduling tasks on reconfigurable devices require
different schedulers. In this dissertation, we are interested in solving the online problem in which
the scheduler receives tasks online and tries to place them as soon as space is available and
before the laxity of the task reaches zero. In Section 4.1, wel@atribe how thérst fit (FF)
schedulingalgorithm will operate in th&¥esNo-Maybe YNM) mode. Many papers in this area
designed algorithms to operate in YNM mode but compared their results to FF operat@sg in
No (YN) mode [ABBT04, AT03,BKS00, HV041, SWP04, SWPT03, TSMM04TMS03
WP03. We decided to make a fair comparison by comparing our algorithm operating in YNM
mode to FF operating in YNM mode (FF_YNM). The interesting result that we found is that
YNM mode gives FF a significant performancepnovement over YN mode. This was our first
contribution in this research. IBection 4.2, we will describe the main idea about our region
based scheduler and 8ection 4.3 comparthe performance of our idea E-_YNM and other
algorithms and show why wexpect our scheduler to give better performance. The comparison
will be from different points: rejection ratio, ease of implementation, search time, and chip
utilization.

4.1. FF_YNM Algorithm

We focus on two main modes of operation for online schedulingitdgws. In the first
mode, YN mode, the placer will try to place a hearrived task immediately and if no space is
available, then the scheduler rejects the task. In this mode, the placer completely ignores the
taskds | axity. T he srewhehtide placedvall try to placeNthe taslo d e |

immediately and if the schedulefinds no placement and the laxity of the task is greater than
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zerq then the scheduler will keep it in a pending queue and attempt to pecéoitg as laxity
remains

Thealgorithm for scheduling redime tasks consists of three modules: scheduler, placer,
and free space manager. The placer and the free space manager are the same for the two modes
YN and YNM, but the scheduler is different. In the following paragraphsvillelescribe first
the modulescommonto the two modes and then after that we will describe the difference
between the two schedulerSF_Placer (Figure 41) is the first common module that the
scheduler module will call to dekea task that finished executing and to find a placement for a
task. The placer has no output in case of deleting a task, but in the case of placing a task the
output will be the location found, if any.

The second common module is the free space maramgkthis module is responsible for
keeping the free space data structure updated every time a task is placed or deleted. This module
will be called by the placer. The function of the free space manager is integrated with the
functions of the placer and tlead result of the two modules is to be able to search for placement
and update the data structure for the free space.

The placer performs a search in the free space area to find a large enough rectangle to
accommodate the task. The order in which the $peee rectangles will be searched depends on
the implementation and on the data structure used to represent the free space. This search will be
done based on the information passed to the placer from the free space manager.

Some common parameters will passed between the modules. The variables that we use
to represent a task contain all the required information about the task such as task tsizle (
height, wi: task width), execution time, arrival time, deadline, and laxity. Also, this variable

confins a slot calletbcation The location will be empty when the task arrives and will contain
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the location at which the task is placed when a placement decision has beelaaettis a

variable by which the placer indicates if it found a placemerglaidedis zero after the placer
module has been called, then this means it found no placempls#céflis one after the placer
module has been called, then this means it found a placement for the task. Note that the above

algorithm assumes bottehaft corner placement.

Placer:

Inputs:taskt, option
Output: updatéocationslotin t, placed
Runs when: called by scheduler
FF_Placer(t, option)
If option=1
Delete task from the chip
FF_free_space_manadgérl)
Else
placed=0
r = 1 (assume the free rectangles are indexed from 1)
Whileplaced=0andcO number of empty re
%% Check free rectangteon FPGA %%
If hy O (amdw; O Then
placet in bottom left corner of
placed= 1
t (location) = bottom left corner coordinates iof
FF_free_space_managér, 0)
r=r+1
kkkkkkkkkkkkkkkkkkkkkhkkhkkkhkkhkkkkkkhhkkkkhkhkkkkhhkkkkkhkkkhkhkkkhkkkhkkkhkkhkkkkkkkkkk
Inputs:taskt, option, free space data structure
Output: updated free space data structure
Runs when: called by placer to update the free space
FF_free_space_manageft, option)
If option=1
Add the space occupied byo the free space data structure
Else
Delete the space occupied tdyom the free space data structure

Figure 4-1 Placerand free space manageior task scheduling problem
The FF_YN_schedulefFigure 42) and the previous two common modules form the

FF_YN algorithm.FF_YN_schedulehas simple functionto perform. The scheduler runs every
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unit time to check if ay task finishes executin@nd if so, then it will call the placer module to
delete the tagk). It alsochecks every unit time ifrgy tasks arrived and, if so, then it will try to
placethemimmediately by calling the placer module, and if no placement was found, then it
rejects theunplacedtasks. The yesno name of the scheduler derives from the actions of either
placing (yes) or rejecting (no) a newly arrived task.

We assume that the schder module has the following input3he arrived task array
includes the tasks that have arrived at this time Skép. executing task array includes all
currently executing tasks. Theutput of the scheduler module is the executing task array.

On the oher sideFF_YNM_scheduletries to placeatask as long as it has some laxity.

In Figure 43, we describe the steps of this module. Again, &~inYN_schedulerthis module

runs every unit time to remove tasks that have finished executing. Next, @xagyting task
finished, then it tries to place the tasks in the pending queue. Also, on every unit time the module
checks if any tasks arrived and tries to place newly arrived tasks by calling the placer module. If
no placement was found for a new taskhat current unit time, then the module puts the task in

the pending queue if it has laxity. When the task is added to the pending queue, this means the
module will try to place it again when more space is available or until its laa#yexpiredThis

module has the inputs and outpofs=F_YN_scheduleplus the pending queue

When an executing task finishes (thereby freeing up space on the chip), the YNM
scheduler attempts to place tasks from the pending queue in priority order. The pending queue is
a data structure that orders waiting tasks based on some criterion, so it is not a FIFO queue.
Possible criteria (orders) according to which the algorithm can retry to place these tasks include:

1 ED: earliest deadline,

9 LD: latest deadline,
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1 EA: earliest arrival
1 LA: latest arrival,
1 SRL: shortest remaining laxity, and

1 LL: longest laxity.

FF YN scheduler

Inputs: arrived task array, executing task array
Output: executing task array
Runs: every unit time
FF_YN_scheduler(arrived task array executing taslarray)
For all executing tasks
If a taskv finished executing
Removev from the executing task array
FF_placer(v,1)

For all arrived tasksdo the following
Removet from the arrived task array
FF_placer(t, 0)
If placed=1
Then add to the executing array
Else
rejectt

Figure 4-2 FF_YN_Scheduler
In simulations, the ED criterion gave the best performance among them.

With the FF scheduler opeitag in YNM mode, the implementation is still easy as it runs
the same placer as YN mode. In YNM mode, trying multiple times to place tasks in the pending
gueue will make it slower than FF_YN but at the same time will result in a better rejection ratio
asthe scheduler will not reject a task unless the task cannot satisfy its deadline.

In the following section we will describe a new scheduler idea that depends on splitting

the chip into regions and deals with each region as if it is a different chip.
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FF YNM scheduler.

Inputs: arrived task array, executing task array, pending queue
Output: executing task array, pending queue
Runs: every unit time

FF_YNM_scheduler(arrived taskarray, executing task array, pending queue

finished= 0
For all executing tasks
If a taskv finished executing do
Removev from the executing task array
FF_placer(v, 1)
finished=1

If finished=1
For each taskin the pending queue
if laxity(t) <0
Delete task from the pending queue
else
FF_placer(t, 0)
if placed= 1 then
Deletet from the pending queue
and add to the executing task array

For all arrived tasksdo the following
Removet from the arrived task array
FF_placer(t, 0)
if placed= 1 then
addt to the executing task array
If placed= 0 andaxity(t) [ 0
Then insert in pending queue
If placed= 0 andlaxity (t) =0
Then reject

Figure 4-3 FF_YNM_Scheduler
4.2. Regions-Based Method
Most of the workproposedn the area of schedulingattime tasks on an FPGAeabk
with the chip as a whol@hereforge a search for free space involves searching in a data structure

that represents the entire chip. This way is time consuming and motivated our idea of dividing
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the chip into regions to allow a reduction of the search time. We call the new ideaegions
method The free space manager represdghe space in each region sepdsaticom other
regions. The placer seaghby regions to find a placemenstill using the FF techniquéor
searching insidaregion.

The regionshased idea derives from the plem of stacking boxes in an empty room.
Stacking the same size boxes on top of each other efficientl/ thiseavailable space. In
contrast, by stacking different sizes on top of each other the remaining space might be broken
into many small pockets withio sufficiently large space for other boxes to be placed. The idea of
our algorithm is to divide the room into regions of different sizes and assign each region to carry
a certain box size. We call the size of a region dsaise
4.2.1. Description of the Regio ns-Based Idea

From this concept of stacking boxes, we decided to divide the chip into regions such that
each region lma base (value). The badetermines the width of a task that can be placed within
this region. A task will be placed the region thahas a baseorrespondingo the task width. In
this initial version of the method, we need to have regions withslemgeal to all the expected
task widths. Because of the chip size limitation and the variety of task sizes, it is not feasible to
have allpossible baseon one chip. To accommodate more widths, we permit a region to hold
tasks with width equal to small multiple of the base. For a region with basany task of width
equal tob or multiple up taJof the basé will be placed in this region. Consequently, one of the
design parameteis the value ol ForU= 3, for example, only tasks with widths{7, 14, 21}
will be placed within a region with base 7. This still does not cover all task widths, so if the task
width does not match any multiple up @Wmf a basethen our online scheduler adjusts the task

width by adding some dummy columns to match the closest larger base multiple.
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Figure 44showsa986 4 chi p divided accordidig @Grmd f ol
= 3, so the numbers of columns reserved for
between adjacent regions are all virtual borders with no physical divisions on the FPGA.

To explain the idea of readjusting the task size to match thensgie will use the base
assignment ofhe Figure 44 example and explain in detail how this sigperformed. Let the
set of bases be {3, 6, 7, 7, 9} adg 3. If a tasky arriveswith width w, = 10, then the algorithm
resizes the task to the first pethle size allowed, whicls 12 in base 6. The algorithm theres
to place it within the base 6 region wahwidthof 12. This process does not mean reshaping or
changing physically the size of the task. It is a virtual increase in the size to matde a b
multiple, and the main idea behind adding these columns is to keep the remaining free space

within the region as a multiple of the base.

1234567891012343873202222367233 5235568630 123498 14985 5655560 A 6B EE66 90 727 1957 7866 E3856E8909938567

Figure 4-4 Empty chip with regions
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In the above example, the maximum width that can be accommodated onpthe Zhi
As the maximum task width expected might be more than what the lamggish can
accommodate (in the example, 27 columns), we have created an area cgt&drtheea at the
top of the chip, and it has some rows of the chip reserved exclusorely The joker areais
mainly used for two purposes:

1 accommodate tasks with width more than the largest region width, and

1 accommodate tasks with width that can fit in a region but at the time of arrival there was

insufficient free space for that taskthe required region.

Figure 45 shows a chip with regions and with a joker area reserved at the top of the chip. Our
regionsbased online scheduler allows the joker exclusive use of its reserved area and also allows
the joker to place tasks in the regions area. Basicallyl#oempsearches juatregion area when
it attempts to place a task in that region, but searches the entire chip (starting from the joker area)
when it attempts to place a task in the joker area. If the task width is larger than what any region
can accommodate, then the tasknarked to be placed within the joker aréfahe task width
fits in a region, but the region has no space fdhén the placer attengio place the task the
joker with original task width (no adjusting required).

In the regiondased method we sisme that the bases are chosen before the scheduler
starts and stay fixed till the last task finishes executing. The criteria on which the scheduler can
decide on the bases can vary from one problem to another, but for best performance, bases
should satisf the following conditions:

1 span all columns, that is, for a set of baBes{bs, b,, ¢}, abd chip widthw, for each

baseb; thewidth reserved will b&) Ab; and
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qabcw,

i=1
1 cover as many expected task widths as possible, and
1 coverwidths consistent with task width distribution.

JOKER

AmmirATAMALAA LD ana

Figure 4-5 Empty chip with regions and jokerarea
One of the open problems for research in this idea is creating an algorithm to select the
best set of basas a function of FPGA size and expected incgmask widths. Also, changing
the baseduring the operation of the chip dynamically to be able to reduce the use of the joker

area and to be able to use the regions to fit as many tasks as possible is another open problem.
4.2.2. Algorithm Steps

In this sectionwe will describe the steps of our regibased scheduling algorithm. We

describe first the pl acer 0sinanadsignedregion, whethet t e mp
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it is a newly arrived task or from the pending priority queue. Following thatleseribe the
higher level, which is the scheduling algorithm.
Consider a taskfor which the scheduler has earlier assigned a bdse of
1. Search within baske0 segion using the FF technique to find a placement for the task.
2. If no placement is foundhen try to place the task within the joker area using FF starting
from the top row of the joker region and proceeding downward.
3. If a placement was found in Step 1 or 2, then update the free space and skip Step 4.
4. No placement was found: if laxity remainsr t, then insert into the pending priority

gueue (according to the chosen ordering criterion); otherwise, teject

At a higher level, the scheduling algorithm must handle newly arrived tasks and tasks in
the pending priority queue, assign regions to new tasks, and define an order for attempting to
place tasks. This part of the code is responsible for assigning e&ch tagion, adjusting the
task width if needed. The steps are as follows.

Assume that we have partitioned the FPGA integionsS,, f om Or,lwhe@eb, is
the baseof S, Let Udenote the multiplier used to determine region width (so, for example, the
width of the region reserved &, is UAb,,).

1. Check currently executing tasks and delete any task that has finished executing. Call the
placer to update the free space data sirado free the space used by completed tasks.

2. If at least one task finished executing in Step 1, then for each task in the pending priority
gueue in order, execute the placement procedure.

3. If any new task; has arrived, then do the appropriate onéneffollowing.
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U If w; equals Aby, for somel ¢ j ¢ Uand some base vallsg, then assign to the
first suchregionS,. Execute the placement procedure for new task

U If w, jAbyforall bpandl ¢ j ¢ Ubutw < UAb, for someby, then adjusty to
the next larger value gfAb, wherel ¢ j ¢ U 1¢ k ¢ r, and assigr; to
regionS.. Execute the placement procedure for new task

U Otherwise, ifw; > U Aby, for all by, then execute the placement proceduretifor
starting from Stef2.

The algorithm works in YNM mode. In the simulation section we examine several
possible ordering criteria for the pending priority queue (Figufel)4 The structure of this
algorithm follows that of FF_YNM irFigures 41 and4-3 with the difference of ealing with
regions instead of dealing with the whole chip at once.

In the above algorithms, we assumed that the placerd no placement fahe taskin
the assigned regionhenthe placer will try to place it in the joker. In the simulations, we tried
different versions of the algorithm. One of the versions is that if the placenotifind a
placement for the task in the assigned regitwen it will report to the scheduler that no
placements found and the scheduler readgite task size to matah different region and call
the placement proceduagainto try to place the task the new assigned region. Each time no
placements found, the placer repostto the scheduleif the scheduler finds no placement in any
of the stated number of regmwiit is allowed to try, thethe scheduler will call the placement
procedure to try to place the task within the joker area. Also, one of the vexgidasted in our
simulations was ahip with no joker area.

Figure 46 shows an example for a chip webme tasks placed in region areas and one

task placed in the joker area. The task placed in the joker area has a width of 30 which is bigger
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than what the biggest region can support (rediase9 with biggest width to support = 27).
When ths task arrivedthe scheduler placed the task in the joker area. Figdrshdws several
tasks in the jokerTask number 85 has a width of 17 and at the time it arrived there was no

placement available within the regions (reglmmse6), so the scheduler placed it ime joker

area.

Adding task number 290of size =7 * 18

num oftasks = 150

“1234567891012348673202222257230323 8565022 132428 44965 385508 B 6B BE66EETE 72315673 B8EE3SE6E8B099I8557
Reserved = OPending tasks = 0 finished = 81 executing = 6 rejected = 2

Figure 4-6 Regions example 1

4.3. Experimental Evaluation

In this section we will present the results of simulations comparing FF in YN mode, FF in

YNM mode, and the regioAsased method. We also compare different criteria for ordering tasks

in the pending queue.
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removing task number 116

JOKER

num oftasks = 150

©1234567591012343873202230987233 5235565030 123428498 553 55A EE0 R EBBE66E690 T 23 15477 66 B BEE6E8D092 38557
Reserved = OPendina tasks = 0 finished = 124 executina = 9 reiected = 1

Figure 4-7 Regions example 2
4.3.1. Simulation Parameters

We performed simulations with sets of tasks with several parameters randomly generated

and uniformly distributed over certain ranges. The following parameters and rangdsebave

used.
U The simulated device matches the size of the Xilinx XCV1000 FPGA, which consists of
962 64 = 6144 reconfigurable units. Also, we performed simulafionsize 20G 200.

U Task area is in the range of [50 reconfigurable units, whepel {100, 300, 500, 1000,
2000}.

U The aspect ratio used in generating the tasks is in the range of [0.2, 5]. Half of the
generated tasks will be uniformly distributed in the range of [0.2, 1] and half will be

uniformly distributed in the range of [1, 5].

40



U The arrivdtime is uniformly distributed over the period [tha, Wheretnaxis the latest
time a task is expected to arrive.
U The execution time of each task is in the range of [5, 100] time units.
U Laxity is in the rangey] 7] time units, wherey], 7 i 1, $3, [50,100], [100,200]}.
U The deadline of a task is the sum of its arrival time, execution time, and laxity.
U No information is known in advance about the maximum task width expected.
The mentioned parameters are the same simulation parameters used irktdengdy Steiger

et al.[SWPTO03]. We will compare our results with theirs.
4.3.2. Performance Measure

As the problem we are interested in is online scheduling feaktime set of tasks, we
usethe rejection ratio as a performance measure. We also uskiphead[SWPTO03] as a way
to measure how much demand a task set places on the FPGA in each simulation. The chip load is

a function of the area time product for each task:

awo e

all _tasks

Chip_load -
whaQ@,,,

where
0 w; hare the width and the height of task
U g is the execution time of tagk
U wis the chip width,
U his the chip height, and
U tnaxisthelatest time a task is expected to arrive.
The simulations will measure the rejection ratio for different chip loadsak&/enterested in

chip load in the range [8. 1.4 because chip loads more than that will not actually indicate the
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performance of the code as the chip is overly loaded. To cover the chip load in which we are
interested, the simulations vary chip load ganby changing the number of tasks under
simulation. We had several runs at different chip loads, in other words, at different numbers of
tasks. To evaluate the performance of the online scheduler, we performed 210 simulations with
30 simulations for eachf the following seven different numbers of tasks: 150, 200, 250, 300,
350, 400, and 50@ecause the task parameters are randomly distributed, the chip load does not
have to be exactly the same for the same number of. tsksvaluate the performance thie
scheduler, we average rejection ratio for any run that has a chip load between 0.65 ,dod 0.75
exampleand report it as the rejection ratio at chip load Bat each range of chip load, we do
the sameAlso, the simulations will vary the value gf.xaccording to different area classes used
to keep the chip load in the same range.
4.3.3. Simulation Results
In this section we report different results for regitwased schedulers varying the
simulation parameters explained in the previous section. We examine two existing methods for
comparison with our work. The first one is the basic FF scheduler and the second one is the
scheduler designed by Steigdral. [SWPT03]. The regions, FF_YN, and FF_YNM schedulers
have been implemented with Matlab. The results for the work done by Steiglewere taken
directly from their paper. All the codes have been tested with the same simulation parameters.
Tables 41 through4-7 summarize representative simulation results. Each entry in these
tables shows average rejection ratio over the 210 simulations across a range of chip loads on a 96
3 64 FPGA. The set of parameter values in each row of regions simulations indicateste
of rows exclusively allocated to the joker, the number of regions the placer will try before

checking the joker, the multiplé of base value to fix region width, and the set of bahe
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results repded in this table assumed earlidstdline () as the criterion on which the pending
gueue is sorted. At the end of the chapter we will show the effect of using different criteria for
sorting the pending queue.

In Table 41, experiment 2 (E2) displays results for the core set of parameter valies:
rows reserved for the joker, the placer tries one redlon3, and set {3, 6, 7, 7, 9} of base
Compared to FF_YN (E1), E2 shows substantial improvements in rejection ratio for each task
area range. Figure& details this comparison of E1 and E2ass chip loads for the area range
[50, 500].

Table 4-1 Average rejection ratiofor FF_YN and regionsbased

different area, laxity = 1:50, chip 9664
task area range 50:100/| 50:300| 50:500

El FF_YN 0.084 | 0.141 | 0.214

joker rows = 14, try = 1UE3,
=2 bases ={3, 6, 7, 7, 9} 0.037 | 0.081 | 0.143

Experiments in Table-2 show the effect of trying different regions to find a placement
for the arrived task. In this case the placer will try the first assigned region and if it finds no
placement, the placevill try to place it in other regions after readjusting the size of the task. In
Table 42 ,tryoh i ndi cates the number of regions the
In experiments E2, E8, and E3, we exclusively reserved 14 rows for thegme and we
allowed the placer to try 1, 2, and 4 regions, respectively. The results in these three experiments
produce very little change in the rejection ratio. In experiments E9, E10, and E5 we canceled the
joker area completely so the placer pla@sks$ only in the regions (note: tasks with width larger
than what a region can accommodate will be rejected), and we allowed the placer to try 2, 3, and
4 regions, respectively. The results in these three experiments show some enhancement in

performance wén trying more regions to place tasks. Also, by comparing the results in E2, ES8,
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and E3 with E9, E10, and E5, we can conclude that using the joker area is dominant over trying

multiple regions.

035 FF vs.Regions
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Figure 4-8 Rejection ratio vs. chip load for FF_ YN (E1) andregions method (E2) with area
range [50,500].

Table 4-2 Effect of trying multiple regions

different area, laxity = 1:50, chip 9664

task area range _ 50:100) 50:300| 50:500
e jokegggg\fss:{g"efr%ﬁ” g;?” 0037 | 0081 | 0143
E8 Jokebra[gx::%; g}’;’ % 3;3’ 0.038 | 0.084 | 0.145
£3 Jokebr;ggvss:é"‘é t’r37/,=7"" 9%3’ 0.049 | 0.088 | 0.150
£o Jokerbg)svgz Z%A,’Gt,r?:% g}ﬁg” 0092 | 0185 | 0308
£10 Jokerbrgsv\; z'\{'é%fr%?g?:?” 0.053 | 0.172 | 0.294
E5 J'Okefbfgs"‘éi i%”% t%/?:"g}oz?” 0.054 | 0.170 | 0.295
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Table 43 shows the effect of using the joker area. To show only the effect of the joker
area we fixed the following parameters: bag8, 6, 7, 7, 9} the placer tries four regions before
trying to place in the joker, arld= 3. In experiments 3 to 5 (E3 to E®)e changed the number
of rows exclusivelyreserved for the joker area between 14afj no jokerat all. From the
results shown in the table, not using a joker at all (E5) has a large performance penalty because
any task wider than the widest region will always be rejected. Not using a joker is an option only
if all tasks fit within some region. Also, thaltle shows that in the case of task area 50:100
(relatively small tasks) the use of the joker produces little change in the results (E3 and E4 vs.
E5). Also, from the results shown in the table, changing the number of exclusively reserved rows
produces litle change (E3 vs. E4).

Table 4-3 Effect of using different joker area sizes

different area, laxity = 1:50, chip 9664

task area range _ 50:100]| 50:300| 50:500
E3 jOKeJJS;VSS::{é%Tr;”i?’, oy | 0049 | 0088 | 0.150
E4 jOKE;;‘;"SYS::{%’tg;“?’Fg}:’” 0.051 | 0.091 | .0155
E5 ':‘Zt ‘fiig’gf;:ésri"‘g’:g"@: ;r,yg 0.054 | 0.170 | 0.295

Experiments inTable 44 show the effect of using differesets ofbase. In this set of
experiments the placer will try to place the task in all regions before trying to place it in the joker
area. Also, we reserved 14 rows exclusively for the joker area. The valiwasf adjusted for
different bassso that the regions span all FPGA columns. These results indicate little sensitivity
to the exact choice of bas&nowledge of a specific task set, however, can profitably guide base

assignment.
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Table 45 illustrates that, for a larger chip (280200),in experiment E12, the regions
method greatly enhances performance when the joker was used. In experiment E13, the
scheduler was tested without a joker at all and performance is almost the same as E11 even
though in this case some tasks were rejectedulsectheir sizes are larger than what the regions

can accommodate.

Table 4-4 Effect of using different sets ofbases

different area, laxity = 1:50, chip 9664
task area range 50:100| 50:300| 50:500
joker rows = 14, try %4, U=3,
bases = {3, 6, 7, B} 0.049 | 0.088 | 0.150
joker rows =14, try =4, U=3,
bases = {6, 73, 11}

joker rows =14, try =7, U=2,
E7] “pases = {3,4,6,7,8, 9,11 0.044 | 0.084 | 0.145

E3

E6 0.050 | 0.088 | 0.148

Table 4-5 Average rejection ratio with chip size 200x 200.

area = 50:500, laxity = 1:50, chip 206@00

E1l FF_YN 0.084
joker rows = 0, try = =3, bases = {6, 7, 8, §

E12 11, 12, 13} 0.011

not using joker, try = A3, bases = {6, 7, 8, g 0.085

11, 12, 13} (does not cover all task sizes) '

E13

We also compared the regions method to the algorithm of Setige{SWPTO03]. Table
4-6 compares the rejection ratio at several chip loads for E2 against results from their work.

Table 4-6 Rejection ratio at different chip loads compared to Steigeet d. [SWPTO03,.

area = 50:500, laxity = 1:50, chip 964
chip load 051|075 1.0
joker rows = 14, try = 1E3,
bases = {3, 6, 7, 7. 9} 0.02| 009 | 0.19
Steigeret al.[SWPT03 0.10| 0.20 | 0.27

E2
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Table 47 illustrates that the performance of FF_YNM (Eikipetter than FF_YN (E1).
Figure 49 shows the performance of FF_YNM using the earliest deadline ordering criterion
(FF_YNM_ED) compared to FF_YN. At chip load = 1, the rejection ratio of FF_YN is
approximately 0.28 and the rejection ratio of FF_YNM_EDajgproximately 0.2 which
indicates a reduction in the rejection ratio by about 36%. The results in Figushdw the
importance of retrying tasks that were initially rejected.

Table 4-7 Rejectionratio at different chip loads for FF_YNM, FF_YN, andregons

area = 50:500, laxity = 1:50, chip 964
chip load 05 | 0.75] 1.0
joker rows = 14, try = 13,

B2 | hases=(3.6,7.7 9} 0.02 | 009 | 0.19
El14 | FF_YNM 0.02 | 0.09 | 0.19
E1l | FF_YN 0.07 | 0.17 | 0.28
FF_YNvs. FF_YNM_E
0.36
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Figure 49 FF_YNvs. FF_YNM_ED
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Figure 410 compares the performance of the regioased method to the FF_YNM
algorithm. Figure 410 shows the comparison between them using the earliest deadline ordering
criterion; results with other ordering criteria are comparable. From Figlifewdecan see that
the two methods return nearly identical results. Even though the rdzased scheduler
achieves the same rejection ratio as FF_YNM, the rediased idea has other features that
make it better than FF_YNM. As described above, the regiassd scheduler has less search

time as the algorithm does not have to search the whole chip to check if there is free space for the

task or not.
FF_YNM_ED vs. REGIONS_YNM
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Figure 4-10 REGIONS_YNM_ED vs. FF_YNM_ED

Figure 411 shows the performance of the regions method udifierent criteria for

sorting the pending queue. We have tried the following: dtaerival (LA), Latest Deadline
(LD), Longest Laxity (LL), EarliestArrival (EA), Earlest Deadline (ED), and Shortest
Remaining Laxity (SRL). Fromigure 411 we can seéhat earliestleadline (ED) has the best
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performanceamongall of them and that is why all the results in this section were reported based

ontheED criterion.

Different criteria for ordering pending queue
032 1 —e—BASE_YNM_LA —8—BASE_YNM_LD
T —&—BASE_YNM_LL —=—BASE_YNM_EA
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Figure 4-11 Different criteria for sorting the pending queue
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CHAPTER 5: FREE SPACE MANAGERS

To schedule a set of tasks in a small amount of time, the scheduling algoritbtn
managethe free space efficiently. A data structure to represent free space should allow the
scheduler to identify free space in which togelaa new task and admit efficient updates after
placing or removing a task. In this part of our research, we review some existing data structures
and analyze their time complexity. We propose a new structure using maximal horizontal and
vertical strips torepresent the free space. These strips start and stop at task boundaries.
Simulation and time analysis showed that this method has better time complexity than many
other free space data structures and at the same time has a very reasonable rejectioreahtio
time tasks compared to other methods.

In this chapter we will describe some of the data structures used in the area by other
researchersThe bit matrix is one of thevell known data structures used in the ang#h abit
for each CLB representinghether that CLB is occupied or frelastead of representing each
CLB individually, the free space manager can represent a group of empty CLBs as one entry in
the data structure. A group of empty CLBs can be representadeasanglecalled an empty
rectangle There are different types of these rectangle based on the CLBs they represent. Empty
rectangles canverlap,shaing some CLBsor they can represedisjoint sets ofCLBs. Empty
rectangles were firstisedby Bazarganret al [BKSO0OQ] in the probém of scheduling on RC
devices They usedtwo different types of empty rectanglese ofwhich is the maximal empty
rectangle(MER) and the other is neaverlapping empty rectanglel this chapter we explain
the two types of empty rectangles and compleen from different aspects. We show some of
the problems in creating empty rectangles or updating them after inserting or deleting a task.

Also, we introduce aralgorithm to update the MERs after task insertion and task delatoh
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we compare the timeomplexity of our update algorithm thetime complexy of other update
algorithis presented by researchers who uSEfRsin their researchAt the end of our research
about empty rectanglewe will show that creating these rectangles every time we tiesd
from scratch takes less time than keeping them ugadtier any change on the chip.

In the nextchapter we will introduce another data structure that we used to solve the
problem of keeping information about the free space on the chip. Thebedwad this data
structure is to use horizontal and vertical strips to represent the free space on the chip. The
maximal horizontal and vertical strips (MHV83ed by a schedulshowed similar performance
compared to other data structsibait in much lessime to generate them and keep them updated
every time the space on tlohip changes. At the end of theltapter we will compare these
different data structures.

Free spaceata structurgvary in the time needed to search for a placement, time needed
to update the datatructure aftetask deletion or insertion, easé implementation, and the
memory needed to store the information of the free space on the chip.néaseresre what
we will use in our research to compare different data striecture
5.1. Bit Matrix

A bit matrix that is a 2D array a¥ columns andh rows can directly represeatwv x h 2D
reconfigurable area. Each entry in the matrix represents an RCUR{EHris occupied by a task
(free), then the correspondirantry in the bit matrix is 10). With a bit matrix representation of
free space, when the scheduler calls the placelace a taskwith sizec x r, the placer searels
in the bit matrix for a sulmatrix of size bigger than or equal ¢& r with all zero elements.
After placing the task, the placer chasgjee value of each element in this sulatrix to be 1.

When a task filshes executing, the placepdates the bit matrix by changing all the elements
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that represent the area occupied by tdsk to be zerodJsing a bit matrix is very easy and
straightforward but takeslong time to find a placement. Updating the data structure after a task
insertion or a task deletion is straightforward but yet takes time.

The time required to search thi¢ matrix for a placement of sizex r in the worst case is
O(whcr). The update time after each placement or deletion of a task re@@gstime. The
time complexity of the placer based on bit matrix representation wilDfwehcr). The time
complexity for using the bit matrix is related to the chip size and the task size. In other data
structuresthat will be analyzed or proposed in this reseatich data structures depend on the
number of executing tasks on the chip, seyll represent thie time and space complexésas
functions ofn, wheren is the number of executing tasks on the cBi@sed on simulations with
w = 96 andh = 64 and other parameters as3action 4.3.1we have found that the chip might
have up to 25 tasks running at the same time. Based on this, the time complexity of using bit
matrix representation is greater th@fn®). Several schedulers discussed earlier [ABBT04,
CDHGO07, HV042, WSPO03] use a bit nax as their free space data structure or employ a
variation of the same size to maintain a data structure, at significant timeFcost.an
implementation point of view, the bit matrix is the easiest data structure to implefebiit.
matrix require€O(wh) spacedo store the information for the free space.
5.2. Empty Rectangles

Empty rectanglesepresentations a common wayto represent the free space on an
FPGA. Hnpty rectangles werapplied to represent the free space on the FBBRazargaret
al. [BKSO0Q]. Instead of dealing with the free space on an FPGA by individu8ls, the free

space can be combined together to form rectangles of free CLBs. So the data structure
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representing the free space corssidta set of empty rectangles with the condition that every
CLB inside a rectangle is unused.

Usingempty rectangles representation, when a task aytivescheduler searesthe set
of empty rectangles for a rectangle that has a vgdthter than oequaltoth e t a s kaldda wi dt h
heightgreater than oe q u a | to the t as$wthwidthhcandddight. willde |, a t .
placed in a rectangi® with a widthy and a heighk only if y Oc andx Or. After placing a task,
the scheduler updatehe free space accordingly by removing rectanglefrom the data
structure. As the task may not use the whole space of the rectangle, then the scheduler has
several optiongo deal with the remaining spacAn easy approach will be splitting the
remaining spacénto rectangles and apoh) them to the set of rectangles after removing the
original rectangle from the set. Or, a more complicated approacdtdWwe to try to merge the
remaining space to some of the existing rectangles in the set of empty rectafgiesadigger
rectangle. Later in this section we will discuss ways of updating the empty rectangles after
placing or deleting a task from an FPGA. The time needed to sémrempty rectangles set is
less than searching a bit matrix as in empty rectangle are dealing with group of CkEB
(empty rectangle) insteaut dealing with individial CLBs.

The work of Bazargaet al.[BKS00] is one of the major contributions in using empty
rectangles as a way of free space representation. dneloyedtwo differert types of empty
rectanglesnon-overlapping rectangles amyerlapping rectangles. In the next sections will give
details on how to use them and how to update them and also we will introduce some of our

contributiors in enhancing the performance of thedafe process for empty rectangles.
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5.2.1. Non-Overlapping Empty Rectangles

Bazarganret al. [BKS00] proposed the idea of representing free space as a set-of non
overlapping rectangles. In their nonerlapping rectangles representation, the free space can be
represented b®(n) rectangleswheren is the number of active tasks. A placer ugés log n)
space to store the empty rectangles @ldg n + k) time to check which empty rectangle can
accommodate a task, wheges the number of reported candidate rectandgtegure 51 shows

an example for noverlapping rectangles

Figure 5-1 Non-overlapping rectangles

Steiger et al. [SWPTO03] enhanced the naverlapping rectangle representation of
Bazargaret al. [BKSO00] to permit limited overlaps. Bazargahaldo s pl acer uses he
decide whether to split a free space rectangleoadiior horizontally upon task placement. The
key to Steigeetald s enhancement i1is to delay the deci si
rectangle until a new task arrives that can use this space.
5.2.2. Overlapping Maximal Empty Rectangles

Another typeof empty rectangle is the Maximal Empty Rectangle (MER). In a chip that

hasn running tasks, anaximal empty rectanglis an empty rectangle tha not contained by
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any other empty rectangbnd does nobverlap any bthe n running tasks (see FigureZfor

examples).

Note that a notoverlapping rectangle does not have to be maximal, and this is one of the

main differences between the two representations. In Figlitdds examplez; is maximal but

2 1S not maximal.

The placer manipulates the MER datructure when searching for free space, inserting

new tasks, and deleting tasks that finished executing. Figlrehdws an example of a set of

MERs and how that set changes with a task insertion and a task deletion. Fifayeldows a

set of MERswhen a chip has three executing tasks. Fige2é) shows the update after placing

a new taskTy), and Figure 8(c) shows the update after deleting task
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Figure 5-2 (a) Example of a set of MERSs, (b) updated after inserting task T4, and (c)
updated after deleting task T2.

55



Several other researchers in the area have studied MERs for different applications like
VLSI layout. Overmars and Wood [OW88] presentadalgorithm to compute the MERSs given a
set of n points. Also, Orlowski [O90], Nandet al. [NBR90], and Datta [D92] developed
methods to construct all MERs givartasks (or rectangles or points) that rurOgm log n + d)
time, whered is the number of MERs. In the worst case, the set of MERs inclO¢e3
rectangles, while the expected number of MERS(islog n) for a random distribution of tasks
[NLH84]. Nandyet al. [NBR90] utilized maximal horizontal strips in their algorithmdeeate
MERs.

Bazarganret al. [BKS00] were amonghe first researchers in the area to use MERs in
representing the free space on a reconfigurable device. They called this method as Keeping All
Maximal Empty Rectangles (KAMER). They also stated that the timn search for a free
rectangle to accommodate a taskQ&?). Chiu and Chen [CC99] asserted that the time
complexity to insert a task and update the KAMER structu(d), whered is the number of
MERSs, and that the time complexity to delete a task @pdate the KAMER structure @(d?).
(Zhou et al. [ZWHPO06] identifed a similar time complexity.) In the worst cabis O(n?) so,in
the worst case, then, the time complexity to update the MEG@ 1

Time complexity is one way to compare different types of free space data strudtares.
can also compare them ledson if the data structure recognitiorncomplete.A structure is
recognitioncomplete if it is able to recognize all freectangleson thereconfigurable device.
This featuremay affect not just the time complexity but also will affect the performance of the
scheduler aa data structuréhat is not recognition completeay not represent every freggion
on the chipand thiscanresult in ejectingatask even though there is a space for it on the chip.

A bit matrix deals with each CLB on the chgnd this means that the bit matrix can detect any
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freeregionon the chipSo,abit matrix is a recognitioltomplete data structurdlso, The MER
free spae data structure is recogniti@omplete. The time to search or updd#ERs, however,
is relatively high compared to other methdtlatwe will discussin the nextchapter. As far as
the performance, the MER proved to have a better perforntaanenoroverlapping rectangles
by recognizing more freeegionson the chipFree space stored as roverlapping rectangles is
not recognitiorcomplete ashe scheduler may not be able to detecfra# regions even though
the free space manager covalisfree CLBs on the chigror example, in Figure-5 if a tasku
arrives with a height equal to the sum of the heiglz; ehd the height af, and a width smaller
than the width ok, thenu will be rejected even though sufficient free space is adailbecause
it does not fit inz; or z.

One of the main problems associated with MERSs is how to update them after inserting or
deleting a task. In the next section we will representi@date algorithmand analyze itstime
complexityand comparehis to avery basidhought which is creating MERs from scratch every
time we insert or delete a task.

5.2.3. Updating MERs after Insert Action

In this section we will present a new methiodupdate theset of allMERs. The worst
case analysis for our method and metha@sentedefore from other researchers, suciCasu
and Chen [CC99]havethe same time complexity. The method presented in this section will
exploit the MER Task Insertion Theorem and MER Task Deletion Theorem below.

Let R denote theset ofall MERs inan FPGA. Leg denote a rectangle selected in which
to place a new task. Assume that at least one rectarigleaompletely contains.

MER Task Insertion Theorem. The only MERSs that may change when tagkinserted in

rectangleq are the MERSs that oviap withq.
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Proof: Let R denote the set of MERs in the FPGA before platindeach MER inR that
overlaps the placement bbbviously must change because the space occupied mp longer
empty. Consider now MERI R such thaiz does not overlaghe placement of Sincez was
maximal before placing and since placing does not add any free space to the FPGA, then
cannot grow in size (because tasks and boundaries that determined its limits have not changed)
andz cannot shrink (because it dast overlap witht). T

Let g denote a rectangle representing the space freed after ahaskinished and we
want to incorporatg into R. Rectangley is disjoint fromR, that is, foralhi R hAZg=A.

MER Task Deletion Theorem The only MERs thaimaychange when a tagkis deleted,
freeing a rectanglg, are the MERs that share part of a border wgith

Proof: Let R denote the set of MERs in an FPGA before deleting_et g denote the
rectangle freed by the deletion of Rectangleg is disjoint fromR. If no MERs touchg, this
means thag) is a MER. If some MERs iR touchg, then those MERs may be able to expand to
incorporate some or all of the free space.ofConsider now MER) I R such thaiy does not
touch g. Rectangleg was maximal before the deletion ofwith gds | i mi t s det ern
surrounding tasks (other thnand FPGA boundaries. These conditions did not change with the
deletion oft, soq cannot grow in size, and, of coursggannot shrink becaaghe deletion of
did not remove any free spacegni

Update methaslbased on the above theoreraguire maintainingtructure that indicate
for each MER the set of MERSs that overlap with it and the set of tasks that share aTioeder.
MER Tasklnsetion Theorem states that the only MERSs that can change after a task insertion are
those that overlap. Therefore, the algorithm maintains a graggscribing theoverlappingof

MERs to be able to efficiently updatdelete,and recognize the affected MER&s the graph
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will represent theelatiors amongMERs and running tasks, we will call itralation graph The

graph has five types of relations between tasks anddvilBRherelationgraph we may have the

following:

T
T
T
T
T

tasks touching other tasks,
taskstouching MERs

MERs touching tasks

MERs touching other MERsand

MERs overlapping other MERs

We represent eadbf the five relations as an edge in the relation graph. Ifttéskches

rectanglez, thenthe graph haan edge front to z representing thattouchesz. Also, it hasan

edge fronez to t representing thattoucheds. We store lhe graphes adjacency list For example,

for each task we have a list representing all tasks touching taakd a list representing all

MERs touclng t. Also, for each MERz, we have a list representing all tasks toucting list

representing all MERs touching and a list representing all MERs overlapping wathrhe

following notationdenoteghe adjacency listfor the five different relations.

il
T
il
1
T

Adj_touch_ask(r) : adjacency list representing all tasks touching MER
Adj_touch MER(r) : adjacency list representing all MERs touching MER
Adj_overlap MER(r) : adjacency list representing all MERs overlappingRME
Adj_touch_ask(t) : adjacency list representing all tasks touching taaskd

Adj_touch MER(t) : adjacency list representing all MERSs touching task

If task t touches rectangle, thent is be in Adjtouchtaskr) andr is in Adj-touch

MER(). Also, we have a pointer that shows whens in Adj-touchtaskr) and a pointer that
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shows where is located inAdj-touchMER(t). By using the pointers we will be able to delete
from Adj-touchtaskr) in constant timeThe same style of pointewgorks for all other relations.
Algorithm 51 updats the set of MERs by using the relation grapand the algorithm
also maintains (updates) the relation graphe following paragraphs explallgorithm 5.7
cutting the algorithm into phases and expiameach phase separiyteAt the end of each phase
of the code we will discuss the time complexity for each phase ang teattotal time
complexityat the end of discussing all phases
The inputs to the algorithm are the new placed tas&ctangle in whicht was placed,
the set of MERSs, and the relation graph. The output of the algoistamupdated MERs set and
an updated relation graph.
Algorithm 5-1 updating MERs after inserting task t.
Inputs: task t parameters, MER r, set of MERSs, relation graph
Output: updated set of MERs, updated relation graph
% Add a new node in the graph for t and create an empty adjacency list for it %
1: Adj_touch_MER (1) Y @
2: Adj_touch_task (1) Y @
The first phase(Steps 1- 2) adds a nhew node in the relation graph to represesnd

creats adjacency lists. This phase tak®nstant time

% updating the relation between t and the current executing tasks %
3: For each task u in Adj_touch_task (r)
4: If t touches u

5: Adj_touch_task (u) Adj_touch_task (u) C't
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6: Adj_touch_task (t) Adj_touch_task (t) C u

7 END

8: END

The next phasdSteps3 - 8) updates the relatios betweent and the current executing

tasks.In Step 4 the algorithm chedkif two tasks are touching. The touching chéaktasks or
rectangles executés constant time by comparing the coordinates of the four borders of the first
rectangle to the coordinates of the four borders of the second rectAsgtee number of
execuing tasks isn, so in the worst caskdj touch_taskKr) havea maximumof n tasks This
phase $teps 3-8) in the worst case tagk@(n) time.
% updating the relation between t and the existing MERs %

9: For each MER g I {Adj_overlap_MER(r) C Adj_touch_MER(r)}

10: If t touches g

11: Adj_touch_MER (t) Adj_touch_MER (1) C g
12: Adj_touch_task (g) Adj_touch_task (g) C t
13: END

14: END

This phase $teps 9- 14) updats the relatios betweent and the existing MER#hat
toucht. (A later phaseSteps 5481, updates MERs that overléps | o) Asatheinomber of
MERsis d, so in the worst cagewill check amaximumof d MERs This phase§teps9 -14) in
the worst case will tak&(d).

Whenthe placer putsin r, this destroys some MERs and nagateothers.The newly

created rectangles are in two groups.
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1 The first group consists of new rectangles created from the remaining space (unused

byt) inr in the case whereis smaller tham.

1 The second group is becausf the fact that may overlap with MERSs other than

Taskt (or part oft) may occupy some of the space in MgRhat overlapped. The
result is that the algorithm deletg@nd creates new MERs from the free spaag in
not occupied by.

The next phsehas different stages. The first stage cresteords for the newly created
MERsin r (Steps 15 23). A general placement a¢fin MER (Figure 53(a)) can generate up to
four newMERSs, but as we are usifdgpttomleft placementat mosttwo new MERscan arise
(Figure 53(b)). Step 15 define the size of the fregpacein r unused byt. We can define this
spaceby comparing the width and the heighttofvith the width and height of. Create two
MERsr1 andr2 in this space im. Creating them includenserting nodes to represent them in
the graph. This stage of the current phases inconstant timeThis phase defireea new array
called New-MERsthat will store all newly created MERSs in the next few phases. We will need

this array in the last phase of the algorithm.

.............................................................................

1

....................................................

(@) (b)

Figure 5-3. (a) General case of nely created MERs(b) newly created MERs when bottom
left corner placement isused
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% creating records for newly created MERs in r %
15:define the coordinates of the remaining space not used by t
16:Create rl and r2
17:Adj_touch_task (r1) &
18:Adj_touch_MER (r1) &
19:Adj_overlap_MER (r1) &
20:Adj_touch_task (r2) &
21:Adj_touch_MER (r2) &
22:Adj_overlap_MER (r2) @&
23: New-MERs = {r1, r2}

The next stage in the current phase is to update the adjacesdprisl andr2. As
explained before each MER has three types of relations. All of them need to be updated for the
newly created MERs1 andr2. Inthis stage,Steps 2 - 33 update the relation of newly created
rectangles with currelyt executing tasksSteps & 1 43 update the touchingrelation between
newly created MERs and existing MER&teps44 i 53 update the overlapping relation between
newly created MERs and existing MERSs.

% updating relation between newly created MERs and existing executing tasks %

24:For each task u [ Adj_touch_task (r)

25: If u touches rl

26: Adj_touch_task (r1)  Adj_touch_task (r1) C u
27: Adj_touch_task (u)  Adj_touch_task (u) G rl
28: END

29: If u touches r2

63



30: Adj_touch_task (r2) Adj_touch_task (r2) C u
31: Adj_touch_task (u)  Adj_touch_task (u) C r2
32: END
33:END
Sters 24 1 33 update the relatianamongrl, r2, and executing tasks. This part of the
current phase tak€(n) time as we havea currently executing tasks.
% updating touching relation between newly created MERs and existing MERs %

34:For each MER g | Adj_touch_MER (r)

35: If g touches rl

36: Adj_touch_MER (r1) Adj_touch_MER (r1)C g
37: Adj_touch_MER (g) Adj_touch_MER (g) Crl
38: END

39: If g touches r2

40: Adj_touch_MER (r2) Adj_touch_MER (r2) C g
41: Adj_touch_MER (g) Adj_touch_MER (g) G r2
42: END

43:END

Steps @ - 43 check ifrl and/orr2 touch any of the current MERs and update the
adjacency lists accordingly. This stage of the current plakes O(d) time as we havel MERs
to check in the worst case. The lastgeof the current phase is to check ifand/orr2 overlap
any of the current MERs and update the adjacency lists accordingly.
% updating the overlapping relation between newly created MERs and existing

MERs %
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44:For each MER g [ Adj_overlap_MER (r)

45: If g overlaps rl

46: Adj_overlap_MER (r1) Xdj_overlap_MER (r1) C g
47. Adj_overlap_MER (g) Adj_overlap_MER (g) C r1
48: END

49: If g overlaps r2

50: Adj_overlap_MER (r2) Adj_overlap_MER (r2) C g
51: Adj_overlap_MER (g) Adj_overlap_MER (g) C r2
52: END

53:END

Steps 4 1 53 check ifr1 and/orr2 overlap any of the current MERs and update the
adjacency lists accordingly. This part of therent phase také€(d) time as we havel MERSs to
check in the worst case. The total time complefotythe current phase (Steps 243) in the
worst case i9(n + d).

As t may overlap with some of the MERs overlapping withhis will leadto creating
new MERSs in any rectangles thadversome of the space used bylraskt may only overlap
with MERs overlapping withi. The next phaséSteps 3 i 81) test the coordinates dfagainst
the coordinates of each rectangl¢éhat overlaps withr and define the part ofg that overlaps
with t. Once this is definedhe update algorithm createew rectangles g. The number of new
rectangles to be createdgrs constantThe algorithm handlethe new rectangles the same way
asrl andr2 in the previous pls. As we may hav®(d) MERs overlap witlr in the worst case,
so for each new rectangle we need to check the new rectangles @y MERs. This phase

will take O(d?) time.
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% creating new rectangles in MERs overlapping r and affected by t %
54:For each MER g | Adj_overlap_MER (r)
55: define the part of t that falls into g
% this step may result in a maximum of 4 new rectangles based on

Figure 5-3(a). Array new_rectangles(g) will hold new rectangles %

56: new_rectangles (g) ={rl, r2, r3, r4}
57: New-MERs = New-MERs C new_rectangles (g)
58: add records for rectangles in new_rectangles

% adding records is similar to Steps 157 22 %

59: for each MER f [ new_rectangles (g)

60: for each task u [ Adj_touch_task (g)

61: If u touches f

62: Adj_touch_task (f)  Adj_touch_task (f) G u
63: Adj_touch_MER (u) Adj_touch_task (u) G f
64: END

65: END

66: for each MER m [ Adj_touch_MER (g)

67: if f touches m

68: Adj_touch_MER (m) Adj_touch_MER (m) G f
69: Adj_touch_MER (f)  AXdj_touch_MER (f) G m
70: END

71: END

72: for each MER m [ Adj_overlap_MER (g)
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73: if f overlaps m

74: Adj_overlap_MER (m) Adj_overlap_MER (m) G f
75: Adj_overlap_MER (f)  Adj_overlap_MER (f)C m
76: END

177 END

78: END

%% at this point we need to delete MER g. The algorithm will delete g
from the list of every neighbor in the lists of g. Using the pointers in the
lists of g, we can find g in constant time in any of the neighbors, lists.
Details of delete_ MER will be provided after this code.%%

79: delete_MER (g)

80: END

81: delete_MER (r)

The delete_ MER2) routine deletes MER from the set ofMERs, deletesz0 s adj acenc
lists, and deletes z from the adjacency list for any task or MER thatl lsarelation withz. The
time complexity for this subroutine @(n + d).

Delete_ MER(2)
1: for each task u | Adj_touch_task (2)
2: Adj_touch_MER(u) = Adj_touch_MER(u) i z

3: END

»

for each MER m [ Adj_touch_MER (2)
5: Adj_touch_MER(m) = Adj_touch_MER(m) i z

6: END
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7. for each MER m [ Adj_overlap_MER (2)

8: Adj_overlap_MER(m) = Adj_overlap_MER(m) T z
9: END
10:delete z record from MER list and deleteallofzbs adj acsency | i st

The last phase is to delete redundant rectangles. Redundant rectangles can be one of the
new created MERs or any of the affected rectangles in the previous phasedgorithm stored
all newly created MERs in previous phasesNewtMERs A rectangleis redundant if it is
identical to another rectangle contained in a bigger rectangle

82: for each MER g I NEW_MERs C Adj_overlap_MER(r)

83: for each MERfi New_MERs G Adj overlap_ MER(r) i ¢
84: if g and f are identical or if g is contained in f

85: delete_ MER (Q)

86: Exit loop

87: end

88:END

The time complexity for the last phase@d?). As explained in previouphaseswe can
conclude the totakorstcasetime complexity for the whole algorithm &(n + d?). As explained
before in this chapter, in the worst casis O(n®), sowe can conclude that the time complexity
for updating MERSs after inserting a task can take up(td) time. Of course, this is the wokst
case analysjsbut as we only need to check the affected MERs and tasks, pest dke
algorithm in practical situatiato not have to check atl MERs andn tasks every step. So, the

practical running shoulbe less tha®(n?.
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5.2.4. Updating MERs after Delete Action

Algorithm 52 shows the details of the update process after deleting & sk first phase
is to create a new rectangtd, in the area used lyAt this steprl does not have to be a MER
but by the end of the update process all rectangles in the datast will be MERs. The inputs
to Algorithm 52 are the parameters forthe set of MERS, and the relation graph. The outputs of
Algorithm 52 aretheupdated set of MERand an updated relation graph.

Algorithm 5-2 updating MER s after deletingtask t.

Inputs: task t parameters, MERS, relation graph

Output: updated MERSs, updated relation graph
%% Add a new node in the graph for rl and create an empty adjacency list for it
%% r1 has the same coordinates and size as task t

1: Adj_touch_task (r1) Y @

2: Adj_touch_MER (r1) Y @

3: Adj overlap MER (r1) Y @

As described beforeadding records and creating the adjacency tete constant timeso
this phase will takeD(1) time. Updatingthe free space after deleting a task folldtvs MER
Task Deletion The@m, sothe onlyrectanglesaffected by deletingaskt are MERs that share
part of a border with. For the simplicity of explaining the procedure we will call thaffected
MERs As new free space is available by deletintpis means that some of the affected MERs
may no longer be maximal as they can extend over this space. The algorithm willf creesdk
affected MERcan be extended.

To explain how a rectangle can extend over the space occupied by another rectangle

consder two rectangle$ andg that share part of a border. Different cases exist in whazmn
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extend oer part or all of the space gf Without loss ofgenerality, assume thgtis on the left
side off. Figure 54 depictsseveral case®ther cases exigtor exampleg may be below) and
they are analogous to e We have three maicategoriesf andg share no borders at afland
g share one bordegndf andg share two borders. Sharing one border means their top or bottom
borders has the sanyedimension valueSharingtwo borders means the tdqordershave the

samey dimension valueand so do their bottom borders

Share zero borders

(a) (b) ()

Share one border

Share two borders

(d) (e) (f)
Figure 5-4 Different cases for possible extension of rectangles
In the first categoryf andg are sharing no borders Figure5-4(a), gés top is abovdés
topandgbs bott ofnsi & dibtlkidocasef can extendnto space occupied by. The
width of f will change but the height will stay the sarRectangleg will stay the same after the
extension. In Figure-89(b),gbs t op fiGep abdgbdlsowb ot t ofasi v oafb o wme

cannot extend int@. (Note, however, thay can extend over the space occupied fbyl'he
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algorithm will perform this extension when it goes over the loop in wihibhndles g instead of

f). Figure 54(c) shows a case in whi¢landg are sharing no borders andithercan extend in

the space occupied by the other. In this case, the algorithm will create a new rectangle that will
coverpart of the space covered bgndg.

In the second cagory,f andg are sharing one bordéBy analogywith Figure 54(a), in
Figure 54(d), f will extend into the space occupied dpyAgain, the width of will change andy
will stay the same. In Figure&(e),f cannot extend intg.

The last category is shown in Figuret§) in whichf andg are sharing two borders. In
this case, the algorithm waixtendf into g anddeleteg.

The following codedeals withthe abovecasesin which f extends or a new rectangle
results (For brevity, we omit the analogous casé&®) in thisphaseAlgorithm 52 checls each
pair of rectangls in the affected MERs list for a possible expansionthe following array
affected_MER contairs the set ofaffected MERs by deleting When deleting a rectangle or
creating a new rectanglthe affectedMERsrray dynamically changeand the algorithm will
aacount for this change. The algorithm will chesich affected MERgainst all others because
if one of themexpandednto the space ocpied byrl, then some other MER®may be able to
expand more

4: affected_MERs = {rl1 C Adj_touch_MER(t)}

5: for each MER f | affected MERSs

6: for each MER g | affected MERs i f

7 if g and f share no borders

8: If top (g) > top (f) && bottom(g) < bottom(f) %Figure5-4(a)
9: width (f) = width (g) + width (f)
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10: END
11: If top (g) <top (f) && bottom (g) < bottom (f)
%% Figure 5-4(c) %%
12: Create R2 in the space in f and g in which a new

rectangle can be created

13: Adj_touch_task (R2) Y @

14: Adj_touch_ MER (R2) Y @

15: Adj_overlap MER (R2) Y @

16: affected_MERs = affected_MERs C {R2}
17: END

18: END

19: if g and f share the bottom border

20: If top (g) >top (f) %% Figure 5-4(d)

21: width (f) = width (g) + width (f)

22: END

23: END

24: If g and f share top and bottom borders %% Figure 5-4(f)
25: width (f) = width (f) + width (g)

26: delete (g)

27: affected MERs = affected MERSs - g

28: END

29: END

30: END
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As explained before, assume we haWdERs. In the worst case, we may hal/BIERs
in the affected_MERsrray. So this phase (stepsi #48) in the worst case will have a time
complexity ofO(d?).

In the next phase, the algorithm updatke relatiols of all tasks touching and the
affectedMERs. This phase can be doasin Algorithm 51. In the worst case, we hawvgasks
to compare against MERs and update the relatmamongtasks and MERs. This stage of the
current phase takeO(nd) time. Also we need to check and update the relatiamongall
affected MERs as some of them changed in Jihes stage of the current phase may take up to
O(d® time. So, the total time complexity for the current phas©(ad + d?). As explained
before in the worst casal can beO(n?). So, the totalorstcasetime complexity forAlgorithm
5-2 isO(n%.

The proposed update algorithm has the same time compéesatyer update algorithms
presented by other researchers in the woase analysisThe poposed algorithmhowever,
builds an theorems that limithe number of MERs and tasks to be checked during the process to
some of the MERs and not all of theifherefore in practical cases, we expectless thand
affected MERs and smfastemupdate procedhan previous methods
5.2.5. Creating MERs from Scratch

Surprisingly, however, creating the set of MERs from scratch is more efficient than
updating an existing set of MERs one can create the set of MERsOn log n + d) time,
which isO(n?) in the worst case [NBR90]. Consequently, the time complexity of task insertion

and deletion by a placer that uses MERSs as a free space data strudfofk is
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CHAPTER 6: HORIZONTAL AND VERTI CAL STRIPS

In this chapter we will present the uskmaximal horizontal andvertical strips as a data
structure to represent free space on an FPG# idea behind the maximal horizontal and
vertical strips (MHVSse) is to represent the 2D reconfigurable area as rectangular strips that are
relatively few in number, but that give good coverage of the available free space.
6.1. Introduction

The strips are of two typesnaximalhorizontal strips (MHS) and maximal vertical strips
(MVS). The top of each horizontal strip aligns with a top or bottom of a task and the bottom of
the strip aligns with the next task top or bottom, and each strip has maximal width. One can
construet vertical strips analogouslisee Figure6-1). In this chapter we will use different
notations. AMHSO st andtsr ifpo.r faMHrBa xsienmiadl shtoarni dzso
MHSs. The same applies @AMHYV I MVEStoo asrmida ofldWs Sf osre tto

setand MVSset.

T3 H1 T3

V2
V5
V4

2 9
N

Vi

V3

T4 Hé T4
T1 T1
T2 H5 T2

(a) (b)
Figure 6-1 Example for (a) maximal horizontal strips and (b) maximal vertical strips,
where shaded rectangles are tasks.
In this chapter we present an algorithm for creating ME&Nnd MVSsetin O(n log n) time

given a set of tasks.A second algorithm will start with an initial MHStand MVSsetand

update them after each task insertion or deletion. The update algorithm take3(rgntyme.
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Section 6.2 explains in detail the steps required for creating MHVS setmgtasks. Section 6.3
explains in detail the steps needed after each task deletion and task insertion. Section 6.4 gives a
detailed comparison between the method of MHVS and oldw@r structures like bit matrix and
MERs.
6.2. Creating MHVS Set from Scratch

In this section we will show how MHVSetcan be created from scratch given a set of
executing tasksThe algorithm for creating MHS set and MVS depends on an idea similar to
the algorithm for creating MERsy Nandyet al. [NBR90]. The algorithm for creating MHS set
scans the chip from its top border with a falling curtain, tracking intervals of free space. Each
time the algorithm r&ches a top or bottom of t@sk it closes intervak, creates maximal
horizontal strig, and createnew intervals.

Algorithm 6-1, create_ MHS$ specifies how to generate tiset of allmaximal horizontal
strips given a set of active task§he algorithm starts with an initial interval of width eqtal
the chip width. As the stopping and starting points for Mld& the tops and the bottoms of
tasks, the algorithrbegins by sorting all tops and bottoms of the executing tasks in descending
order.There are some special cases in ordering the tops dtwniso For example, if task is
touching taskB from above (Figure ), then the bottom of task is sorted before the top of
taskB.

Also in Figure 62, tasks C, D, andE have their bottomat y;. We assumaevithout loss of
generalitythat the algorithm will sort therfrom left to right so the bottoraf C will be before
the bottom ofD which will be before the bottom dE. Also note that taskF andG have their
tops aty; too, sQ we assume again thte algorithm will sort the bottms ofC, D, andE in the

above order first and then the tgb F andthe top ofG.
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Figure 6-2 Special cases in sorting tops and bottoms

Each time the algorithm reaches the top of a task, one interval overlaps with the task.
(Overlapping between a taskdan interval does not mean they overlap in space, rather that
their x ranges overlap.) The algorithm deletes this interval diridhas nonzero heightcreates
an MHS with the same widtlror example, in Figure-&(a) when the algorithm reaches the top
of taskT,, it will close the interval on top dof; and create the strid, with the same height and
width as the interval closedfter creating the stripthe algorithm will delete the interval and
open two new interla starting at the top of the tags&cated on the right and the left of the task
(if the previous interval was wider than the task and if no other tasks or borders are to the
immediate left and right)Note in Figure €l(a) when the interval on top of; closes one
interval on the right of'; is created.

Each time the algorithm reaches the bottom of a task, it searches for the two intervals on the

left and the right of the task. (In some cases, the algorithm can get null for one or both of these
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intervalswhen the task touches another task from the side or the border of the chip.) It creates a
strip for each interval found and deletes the intervals. It creates a new interval starting just under
the task bottony value covering the span of the two intervals and the task. (Note: This is why
only one interval overlaps the top of a task, even if one @asks on top of another tadk
Processing the bottom of taskcreates an interval spannitige taskand free spce to the left
and right and does so before processing the top.)oin Figure 61(a) when the algorithm
reaches the bottom @&, one interval is found on the right © and no interval on the left side
of Ts. The algorithm will close the right interlacreateH;, and start a new interval undés
spanninghe width of botH; andTs.

When several tasks Watheir bottoms at the sanyevalue, for examplgasksC, D, andE in
Figure 62, the algorithm will start withhe leftmosttask C, close the intevals on the right and
the left and create a new interval that will be on the ¢éfthe nexttaskD. When the algorithm
reaches the bottom of tagk the interval on the left dD will have a height of zero as it was
created at the samevalue as the bottom of task which is the same as thevalue for the
bottom ofDD. In this casgthe algorithm will close the interval on theft of task D without
creating an MHS. It alsoreats a new interval undeld spaming the interval created uedC
and the width of tasb. The algorithm continue until finishingthe bottom of taslg, and the
final result will be an intervahatspans the width of the three tasks and all the gaps bebmelen
besidegshem.Again when the algorithm aehes the topf the next taslE, there will be only one
intervaloverlapping the task
Algorithm 6-1. create_ MHS set
Input: setE of executing tasks

Output:setH of maximal horizontal strips of free space
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=

10:

11:

12:

13:

14:

15:

initialize interval setnt to include initial interval = [chip height, 1, chip width]
/* The format of an interval is (top vy, left x, right x), including, for the purpose of

MHS generation, the y value at which it was created. */

. T_B« sort task tops and bottoms frdin

/* Let each element of _Bhold (y, left_x right x, T_B_flag, whereT_B_flag

indicates whether it is a top or a bottom. */

H« A

: fori=1to2* [

current_T_B« T_H(i)
if current_ T_BT B flag = top
current_int« int_search_tofint, current_T_B
* find the only interval that overlaps with task */
newstrip« makeMH$current_int current_T_Ry) - 1)
[* create an MHS from the overlapping interval */
H« H C {newstrig
{newintl, newinR} « create_two_intervalgurrent_int current_T_B
[* generate intervals left and right of the task top */
Int « Int C {newintl, newin®} - {current_in}
else
{current_intl, current_inR} « int_search_bottoifint, current. T_B
/* find two intervals that touch task left and righ
newstrifdl « makeMHS$current_intL, current_T_Ry))

newstril2 « makeMH%current_in®, current_T_Ry))
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16: H « H C {newstrid, newstri®}
17: newint« create_one_intervéturrent_intl, current_T_Bcurrent_in®)
[* generate an intervditom the left interval, task bottom, and right

interval */

18: Int « Int C {newint - {current_intl, current_in®}

19: end

20: if the bottom of the last task is not at the bottom of the chip

21: H« HC {strip with width of chip and height frorhottom of chip to bottom of last

task}

The above algorithm calls several subroutines. Subrouttneearch_todinds the interval
that overlaps with the top of a taski_search_bottonfinds the two intervals on the right and
left side of a task when aehing the bottom of that task. When reaching a top (bottom) of a task,
the makeMHSsubroutine creates a strip from the current interval overlapping with the task (two
intervals on the right and the left of a task). Subroutreate two_interval€reatesthe two
intervals when reaching a task togreate_one_intervajoins three intervals to create one

interval when reaching a task bottom.

As create_ MHSsetgenerates the set of MHSs by scanning the tops and bottoms of the
executing tasks, there a®(n) MHSs. To perform the searches int_search_topand
int_search_bottonefficiently, we store the set of active intervals in an interval tree [CLRSO01].
Searches take tim@(log n) in an interval tree with up ta intervals; interval insertions and
deletions in this data structure also t&og n) time. ConsequentlyGreate  MHSsetruns in
O(n log n) time. Thus,O(n log n) bounds the time for a placer usithg MHS set(or MVS setor

MHVS se) to insert or deleta task on an FPGA.
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6.3. Updating MHVS set after Inserting/ Deleting a Task

We next describe how to update the strips every time the scheduler places a task or deletes a
task. This update process will takén) time to update the strips but needs to maintairtiaddl
information to perform efficient updates. Inputs to the algorithm includetteskbe placed or
deleted, listH of MHSs, listV of MVSs, and anarray of neighbor pointer lists (pointing to
adjacent tasks and strips for each task and stvipgre each list is doubly linked and sorted. The
algorithm outputs updateld, V, and neighbor pointer lists. L&(p) denote the doublnked,
sorted list of top neighbors @ wherep is a strip or a task. Similarly, 1&(p), L(p), andR(p)
denote liss for bottom, left, and right neighbors, respectively.

We will describe the MHVSset update algorithm for task insertion in some detalil
(specifically, insertion in an MHS) then the update algorithm for task deletion more briefly. Let
denote the stripnto which taskt will be placed. We ssume that the placer locates the
bottomtleft position of s, but a generalization of the update algorithm will work for any
placement in a strip. The algorithm has two parts. The first part handles the strigintien
taskis placed. The second part handles the strips of the other type that the task overlaps. For
example, if the scheduler placed task an MHSz, then the first part will handle the update
needed for strig as t is the only affected MHSThefour borders of all MHSs other thawill
not change because the tasks and chip boundaries that determined these borders do not change
with insertion oft. Sincezis an MHS, no task top or bottom can be on the right or left border of
Z between its top ahbottom. The second part of the update algorithm will handle adiftbeted
MVSs that task cuts (overlaps). Also, when placibhgh an MHS, MVSs that do not overlajplo

not need to be updated for the same reasons as MHSs that do nottverlap
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Algorithm 6-2, task_insert_update_ MHV®&xplains the steps needed to update the MHSs
and MVSs after placing a task within an MHS. Also, the algorithm assumes that MHSdist
sorted from top to bottom and MVS listis sorted from left to right. (It wilkeep them sorted
after the update process.) Initiallpefore placing any task and as the chip is emtitg,

algorithm starts with one MHS as big as the chip size and one MVS as big as the chip size.

Algorithm 6-2 task_insert_update MHVS

Input: MHS listH, MVS listV, taskt parameters, MHin whicht is placed, array of
neighbor pointers for strips and tasks

Output: updatedH, V, pointers array

Part 1 of the algorithm, after bottelaft placement ot in z will create zero, one, or two
MHSs (based on the height and widthtafompared t@) in the remaining area afand will
update neighbor pointers accordingly. The general case is if the width and the hemyfat leks
than the width and the heighgspectively, ok. The algorithm will create two strips as shown in
Figure6-3. If t has the same size asthen no new strips need to be created 1§ wi dt h equ
z6s widt hgs ohreiigdsat heequghs, but not  breatelonly t hen
one new strip. As the algorithm will create a maximum of two strips, then it can scan the list and
place them in sorted order without the need to resort the whole list. The algorithm determines
neighbors of, z;, andz from neighbors of.

In the following code we will explain the general case in which two new sirgsreated.
The pseudaode below uses two subroutinespy_pointerand check updateThe subroutine
copy_pointer(C, D) creates lisC as a copy of lisD. Subroutinecheck_updatéC,, D;, C,, D)
creates list€C; andD; and copies t&; (D1) the neighbors i€, (D) that touch the strip or task

corresponding td&; (D1). For examplecheck updatéL(t), B(t), L(2), B(z)) copies toL(t) the
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left neighbors ofz that arealso left neighbors df and copies t@(t) the bottom neighbors a&f

that are also bottom neighborstof

Figure 6-3 New stripsz; and z after placing task t in MHS z
1: create two stripg; , z» as shown in Figuré-3 and insert them iHl in sorted order

[* Create lists of neighbor pointers fot/

2. copy_pointel(R(t), zUd)
3: copy_pointel(T(t) zu X
4: check_updatéL(t), B(t), L(2), B(2)

[* Create lists of neighbor pointers far*/

5: copy_pointe(T(z), T(2))
6: copy_pointel(B(z) t, zi)
7. check _updatéR(z), L(z), R(2), L(2)

[* Create lists of neighbor pointers fBr*/

8: copy_pointel(T(z), Gzl )
9: copy_pointe(L(z) ta )ad

10:check _updatéR(z), B(z), R(2), B(2)
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Part 1 of the algorithm runs @(n) time based on the fact that, for a given set executing
tasks, the array of neighbor pointers can have a total of @{rppointers for all tasks and
strips.

The second part of the algorithm will test tasigainst each MVS and update each MVS tha
t overlaps. Ag is placed in an MH& and as a bottorfeft corner placement is used, eight cases
describe the possible overlaptafith an MVS. Task may totally overlap MVSs. Taskt may
span the height of but end without reaching the right boraerv. Taskt may cut across. This
cut might happen at the top or the bottom or the middle dfaskt may cutv from the left
border and end without reaching the right border; d¢iiis also can happen at the top, the bottom,
or in the middle. Figuré-4 shows some of these cases. For example tasls across; from
the bottom. Alsot totally overlapsv, and cuts across the middlevaf Taskt cuts the left border
of vs in the middle and ends inside

The nevly created strips will replace the original strips to keep the strips list in order, that is,
v4j replaces/s. The only case that needs special handling is the casetwbenthe left border of
a strip (as wheréecutsvs in Figure6-4). The last part oftte task will split the strip into at most
three strips. Also, thedreenew strips can be placed in order by scanning across shés.

Neighbor pointers derive from neighbor pointers of the original overlapped MVSs.

B =TT P T
: | : ; _] .
] & L]
] N ] LI T ) hy 1
: ~ ! . vy, i5 ;
vy : : : : :
[ ] ]
1 T H ] :
- MEETE ; Vs i
: B8 : ! |
Vg \ ' :
I : :
] ]
) B = '2 :
(a) (b)

Figure 6-4 Placing a task in an MHS strip and updating MVSs accordingly: (a) before
insertion and (b) afterinsertion
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The pseudeacode below discusses the MVS update process for the case shown in6Fagure
in whicht cuts the left border of in the middle, but ends before the right bordev.oAs Figure
6-5 shows, three new MVSseated The framework for this pseudmde is that the placer tests

each MVS for overlap with tagkand determiasthe appropriate case.

=
n

Figure 6-5 Updated MVSs for the case of a task overlapping an MVS described in the
pseudacode

1 define the part of thiask that falls into MVY¥
2: create three new MVSg, v,, v3 as shown in Figure-b
[* Create lists of neighbor pointers for*/
3: copy_pointel(R(v1) vsU Ji
4. copy_pointer(B(vy) ta )a
5: check _updat€T(vi), L(v1), T(v), L(V))
[* Create lists of neighbor pointers far*/
6: copy_pointel(T(vy), &l )
7: copy_pointef(R(vz), Ovsll )
8: check _updatéL(v,), B(v2), L(Vv), B(V))
[* Create lists of neighbor pointers fay*/
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9: copy_pointer(L(vs), Ovy, t, WU )
10:  copy_pointer(R(vs), R(V))
11:  check_updatéT(vs), B(vs), T(v), B(V))

[* Create lists of neighbor pointers forLists of MVS neighbors farare distinct
from lists of MHS neighbors fdt though we use the same notation here for

simplicity. */

12: if t extends to the left ofthen
13:  appends to T(t)
14:  appends,to B(t)
15: else
16:  copy_pointer(T(t), Gv1l )
17:  copy_pointer(B(t), GvoU )
18:  check_updaté(t), L(v))

[* same as earliesheck_updatéut for pair of lists*/
19: copy_pointer(R(t), Gvzl )

The algorithm needs to perform an additional check for new MVSs. If the left or right
neighbor of a new MVS is also a new MVS, then the algorithm checks if it should merge them.
(For example, in Figuré-4, vsj results frommerging new MVSs that were originally part\af

V4, andvs.)
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The time complexity of Part 2 of the update algorithm, updating the MV&3(njs It
checks each dD(n) MVSs for overlap with task Because the total number of neighbor pointers
is O(n), the total time to create new neighbor lists across all overlapped M\&®)iswhere

each case follows along theesof the pseud@ode above.

We now sketch the process for updating MidS setafter a task deletion. The process
for updating MVSsetis, of course, similar. The concept is to execute a linvtieith falling
curtain (as ircreate_ MHSse} to create strips after removing a task. Ldenote the taslotbe
deleted. The algorithroreates one interval that covets This intervalstars at or above the top of
t. The algorithm sweegdown across the space tpfcreating MHSs and neighbor pointers, and
then stop at or below the bottom df A key point for fast execution time is thati&sonly one

interval at a time.

Creating the initininterval depends on the top neiglbmft. If t has one task as top
neighbor or multiple tasks and strips as top neighbors (F&6fa)), then create the interval to
start at the top df (If t has at least one tagkas a top neighbor, then no stapovet can expand
into the space that was occupiedtiibecause of the bottom bordergj If the top left neighbor
of t is a task, then the left side of the interval is the left side Gtherwise, if the top left
neighbor oft is a strips, then theeft side of the interval is the left side §fand the algorithm
also eliminates becauses can expand into the space occupiedtb$et theright side of the

interval analogously.
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Figure 6-6 The two different cases for the delete algorithm.

On the other hand, as in Figw&(b), if t has one strig as top neighbor, and the bottom
boundary ofs derivesonly from the top of task thens may grow down into the space ©fso
set the top, left, and right sides of the initial interval to the corresponding sidegaofl
eliminates). If the bottom of strips derivesfrom t and some other task other thiarthen the

initial interval will start at the top df(as in the Figure-6(a) case).

The update algorithm proceeds ascieate MHSsetto sweep downward with this
interval, creating MHSs and neighbor pointers for these MHSs as determined by tops and
bottoms of tasks to the left and right bffinding these using neighbor pointers). Finishing the
update algorithm follows cases at the bottont tifat follow the pattern of creating the initial

interval at the top of

The time omplexity of this updatef MHS setand MVSsetafter a task deletion i©(n).
Because neighbor pointers are already sorted, this algorithm does not need to sort the tops and
bottoms of tasks (as was donecieate_ MHSse). Also, the algorithm swesglown only one
interval not n intervals asvasthe case witlcreate. MHSset so it can deal with each top and

bottom that it encounters to the left and right of constant time, instead @f(log n) time asin
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create_ MHSset In the worst caséhe update algorithiwill deal with n tops and bottomt the

left and right oft, so the updatalgorithm will have a time complexity @(n).

None of MHSset MVS set or MHVS set as free space data structures is recognitio
complete. This will lead sortienes to rejecting a task even thowgltificient free space exists for
it on the chip but this space was not recognized by the structure. Simulattbesniext sction
show that, while the rejection ratio for MH®&talone or MVSsetalone is high, the rejection
ratio of placers using MHVSet the union of MHSsetand MVSset is nearly as good as bit
arrays and MERs but with much lower time complexity.
6.4. Simulation Results

In this section we present the results we obtained from simulations, comparing results of
first-fit scheduling using diierent data structures for free space. We performed simulations with
a set of parameters randomly generated and uniformly distributed over certain ranges. The
simulations used the same parameters useseation 4.3.1. We also examine the effects of

varying the task area range and varying the laxity range.

This section presents the simulation results forstteeduler with a firstit placer using
each of the following free space representations: MER, MBR&{&nd MHSset(only horizontal
strips without vertical strips)(Simulations included the bit matrix representation, but figures

omit these results as they are almost identical to MER results.)

Figure 6-7 reports rejection ratios fohé free space representatioitfie MHVS set
rejectionratio is nearly as good as that of MER across the range of chip loads, at much less cost
and despite the fact that MH\&®tcan hold up td(n) free rectangles while MER can hold up

to O(n?).
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Figure 6-7 Rejectionratio for different free space structures.

Note also the significantly better rejection ratio that MH3&5(both MHSsetand MVS
se) achieves over MHSetalone, even though MHVSethas roughly only twice the number of
free rectangles that MHSetdoes. This supports our intuition that MI88ttends to have wide
free rectangles that disadvantage tall tasks and vice versa foisBi\Mfait that their combination

can accommodate more tasks than either alone.

Figure6-8 shows how different data structures utilize the chip free space. In gdoeral,
this work and prior work, most data structures are unable to utilize more than 70% of the free
space. The main reason behind this is the fragmentation that happens because of inserting and
deleting tasks. Simulations in FiguBe8 were computed by axegging the chip utilization over
running time and taking the average. As the chip is usually less busy in the beginning and the
end of the running time, we ignored the first 200 time units and the last 200 time units, so the
results indicate steady statenditions. As for rejection ratio, chip utilization for MHV&®tis
competitive with that of MER and much better than that of MES
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Figure 6-8 Chip utilization for different free space structures.

Table6-1 shows the average rejection ratio acrobsialulations for different orderings
of the free space data structures. MH%¥& includes, first, MHSset then, secondMVS set
generated byreate MHSsetand create_ MVSset Entry MHVSsortedxis MHVS set sorted
based on the value of the left edge of each strip. The idea behind this order is that the placer
will start searching from the left side of the chip, so tasks may be more tightly p&ckeg.
MHVSsmallsizeés MHVS setsorted in increasing order based on strip anégh this order, the
placer searches the strips in a Heésorder. Entries MER, MERsortedx, MERsmallsizeare
analogous. The binatrix results are for a bottehaft placement of tasks. MHVSetand MER
results in Figuré&&-7 cor r es p ondsebaon d hfeMERWOBHLSfromTTabled-1e

we observe that sorting the free rectangles has minimal impact on performance.

Figure 69(a) displays the average rejection ratio for different data structures with
different task area ranges. We have simulatdéréifit data structures dealing with four different
task area classes [3(); whereA is 100, 500, 1000, 2000. Task area range [50:500] corresponds
to Figure 67. Note that the rejection ratio of MHVS is even closer to that of MER in the other

area ranges
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Table 6-1 Average rejection ratio of different orderings of free space.

MHVS MHVS sortedx | MHVS smallestsize | MHS Only
0.201 0.192 0.190 0.444
MER MER sortedx MER smallestsize bit matrix
0.146 0.142 0.140 0.142
Average Average
rejection ratio rejection ratio
05 05
0.4 — ] 14 0.4 —
03 — 0.3 —
0.2 —— — 0.2 4 —
01— —— —— — 0.1+ —
0 0+
area class(50:100) area class(50:500) area class(50:1000)  area class(50:2000) laxity class(1:50) laxity class(50:100) laxity class(100:200)
Chip_load Chip_load
OMER BMHVS OMHS OMER BMHVS OMHS
(a) (b)

Figure 6-9 Average rejection ratio for different (a) task areaand (b) laxity ranges.
Figure6-9(b) shows the average rejen ratio for different laxity ranges. We tested the data
structure for sets of tasks with laxity range varying between [1, 50], [50, 100], and [100, 200].

Range [1, 50] corresponds to Fig&-&.
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CHAPTER 7: HETEROGENEOUS RC DEVICES

In the pevious chapters, we studidte problem of scheduling reame tasls on
reconfigurable devices. Oressumptionmade inthesechapterswas that the reconfigurable
devicehas a homogeneous structuidhis meanghatonly CLBs are in the reconfigurable area
andall memory blocks, multipliers, embedded processors, and other components are outside the
reconfigurablearea A task can be placed anywhere on the chip as lorgsadficient space of
free CLBs existsTo be #&le to study the problem of scheduling on reconfigurable dewess,
like most otheresearchersassumed a homogeneous FPGA spifmst reconfigurable devices
offered in the market today, however, are not homogeneouseberogeneoud his means that
memory blocks,multiplexers,embedded processo@nd other components may exist between
CLBs. A common structure is to haweveral homogeneous CLB blocks separated by other
componentsObserve that a placeannotnecessarilyplace a task anywhere on thehip with
sufficient free CLBd9ecausdf the taskrequiresamemory block to perform its functiothen the
task has to be placed next to a memory block.

The main goal of this chapter isé@amine whether the ideas behind scheduessgned
for homogeneouseviceswill work for heterogeneous deviceBo conduct this studywe will
adaptour schedulers prestd in pevious chapterso a heterogeneous FPGAo observe the
impact of the heterogeneous structure, we will compare the perforrobtiese schedulers on a
heterogeneous FPGA against the performance on a homogeneous FPGrasadire. This
baseline will help to reveal where performance shortcomings are due to heterogeneity and where
they are due to the scheduler and basic schedplinglem. These results will guideur
modifications of the schedulers to better fit the heterogeneous case. We conclude that the

approach we took and other researchers have taken of studying homogeneosssF® Galid
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one, as the scheduling idediscovered there do carry over to heterogeneous FPGAs. The need
exists for more study of scheduling tasks on heterogeneous$-PGA

Section 7.1 describes the differences betwdwmmogeneous andheterogeneous
structures. InSection 7.2, we define thecheduhg problemon a heterogeneous structuaad
then we listthe parameteraused to test the performance of schedulers designed in previous
chapters when applied #Bheterogeneous structure. We repexperimental @sults inSection
7.3.Section 7.4presend a scheduler designed to give better resulta loeterogeneous structure.
In Section 7.5, wepresent some modifications allowg the designed scheduler Section 7.4to
furtherimprove its performancé&ection 7.6shows more comparisons for different arsizes.
7.1. Heterogeneous FPGAStructure

The Xilinx Virtex-1l [X07] is one of the currentecorfigurable devices in the market
Figure 71 shows thearrangementf CLBs ina Virtex-Il chip. The atual FPGA structure is not
homogeneous as assumed befanstead,the CLB area has sontgelectRAMblocks in the
middle. Several problems faceesearchers when designing schedulers adreterogeneous
structure. The first problem is that taskdths cannot exceethat of the wideshomogeneous
block. As shownin Figure 71, the maximum supported task widthbisAlso, a second problem
is that a task may require a memory block on one side, so it cannot be placed in any free spot on
the chip but must be placed next to a memory block. In a homogeneous structwre, thes
considerations were absent.

As shown in Figure-4, several columns of memory blocks exist between areas of CLBs.
A task may require memory blocks in addition to CLBs. In different structures we may have
embedded processors or other components insteaémbry blocks, but the idea of scheduling

tas