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Abstract. Recent generations of FPGAs allow run-time partial reconfiguration.
To increase the efficacy of reconfigurable computing, multitasking on FPGAs is
proposed. One of the challenging problems in multitasking systems is online
template placement. In this paper, we describe how existing algorithms work,
and propose a new free space manager which is one main part of the placement
algorithm. The decision where to place a new module depends on its finishing
time mobility. Therefore the proposed algorithm is a combination of scheduling
and placement. The simulation results show a better performance against exist-
ing methods.

1 Introduction

A reconfigurable computing system is usually composed of a host processor and a
reconfigurable device such as an SRAM-based Field-Programmable Gate Array
(FPGA)[4]. The host processor can map a code as an executable circuit on the FPGA,
which is denoted as a hardware task. With the ability of partial reconfiguration for the
new generation of FPGAs, multiple tasks can be configured separately and executed
simultaneously. This multitasking and partial reconfiguration of FPGAs increases the
device utilization but it also necessitates well thought dynamic task placement and
scheduling algorithms [5] Such algorithms strive to use the device area as efficiently
as possible as well as reduce total task configuration and running time. But these exist-
ing algorithms have not a high performance [1].

Such efficient methods have been developed and perfected in a way such that the
hardware tasks are placed on the reconfigurable hardware in a fast manner and that
they are furthermore tightly packed to use the available area efficiently. However,
most such algorithms are static in nature in the sense that the same placement and
scheduling rules apply to every single arriving task and that the entire reconfigurable
area is available for the placement of every task. The scope of the present paper hence
consists of developing a dynamic task scheduling and placement method on a device
divided into slots. More precisely, the FPGA is divided into separate slots, then each
of these slots will accommodate only those tasks that end their execution at “nearly the
same time”. This 1-D FPGA partitioning as well as the similarity of end times are two



parameters that are dynamically varied during runtime. These parameters must then be
controlled by an appropriate function in order to reduce the total execution time and
the number of rejected tasks. Finally, relevant statistics are collected and the perform-
ance of this newly developed algorithm is then compared experimentally to that of
existing ones.

In the subsequent sections previously existing methods and algorithms will be briefly
described, the motivation behind the proposed scheduling and 1-D partitioning ap-
proach will be explained and the developed algorithm will be described in detail.
Finally, comparative results will be presented and analyzed.

2 Online Placement

The problem of packing modules on a chip is similar to the well-studied problem of
two-dimensional bin-packing, which is an extension of classical one-dimensional bin-
packing [7][8]. The one-dimensional bin-packing problem is similar to placing mod-
ules in rows of configurable logic, as done in the standard cell architecture. The two-
dimensional bin-packing problem can be used when the operations to be loaded on the
modules are rectangles which can be placed anywhere on the chip [1].

In the context of online task placement on a reconfigurable device, the nature of the
operations and hence the flow of the program are not known in advance. The configu-
ration of hardware tasks on the FPGA must be done on the fly. To describe the place-
ment problem clearly, we should define our task model:

Definition 1 (Task Characteristics) Given a set of tasks 7= { ¢; ,#,, ..., . } such
that,

Uz, UT,  t, =(ay,ed, Wi, hy)
a; = arrival time of task #;

e, = execution time of task #;

d; = deadline time of task #;

wy =width of task #;

hy =height of task #,

This set of tasks must be mapped to a fixed size of FPGA, according to the time and
area constraints of tasks. In fact, each task will be mapped to a module which is a
partial bitstream. This partial bitstream occupies a determined amount of logic blocks
on the device and it has a rectangular shape. Placement algorithms are therefore de-
veloped that must determine the manner in which each arriving task is configured.
These algorithms must be perfected to, on the one hand, use the available free place-
ment areas efficiently and, on the other hand, execute in a fast manner. However, there
most often exists a trade off between these two requirements as fast placement algo-
rithms are usually low-quality ones and those that use the chip area very efficiently
compute slowly.

In an online scenario, hardware tasks arrive, are placed on the hardware and end exe-



cution at any possible time. This situation leads to a complex space allocation on the
FPGA. In order to determine where the new tasks can be placed, the state of the FPGA
or the free area must be managed. This free space management aims to reduce the
number of possible locations for the newly arriving tasks and to increase placement
efficiency as well. Two such free space management algorithms have been developed
in [1] and will be compared to our approach here.

This free space management is the first main part in online placement algorithms. The
second part involves fitting the new tasks inside the empty rectangles. Once the free
area is managed and the possible locations for the placement of the new task are de-
termined, a choice has to be made at which one of these locations the task will be
configured. Multiple such fitting heuristics have been developed in [1]: First Fit, Best
Fit and Bottom Left.

2.1 Free Space Management

The KAMER (Keeping All Maximum Empty Rectangles) method has the highest
quality of placement as compared to other ones [1]. It is therefore used as the baseline
for comparison against other algorithms in terms of the quality of placement that is
lost to the benefit of the amount of speed-up that is gained. The KAMER algorithm
should hence be described in order to understand why it has such a high placement
quality and also why it requires high computation times. In order to decide where the
new arriving task should be placed, the KAMER algorithm partitions the empty area
on the reconfigurable hardware by keeping a list of empty rectangles. Moreover, these
are Maximal Empty Rectangles (MERs), meaning that they are not contained within
any other empty rectangle. The arriving task is then placed at the bottom left corner of
one of the existing MERs; the choice of the MER depends on the fitting heuristic that
is being used. Figure 1 illustrates the case where the empty free space is partitioned
into four MERs; their bottom left corners are denoted by an X.

Fig. 1. A free space partition into maximal empty rectangles.



Fig. 2. A free space partition into non-overlapping empty rectangles.

An alternative to the KAMER free space manager is the method that keeps non-
overlapping free rectangles. These empty rectangles are not necessarily maximal and
hence some quality in placement is lost. The advantage is though that this algorithm
executes faster and is more easily implemented. An example of non-overlapping parti-
tioning of the empty region is shown in Figure 2. It should be self evident that in this
case of free space management, the empty area can be partitioned in more than one
way. Different heuristics can be used on how to choose between different possible
non overlapping rectangles.

2.2 Quality

The KAMER placement algorithm is indeed the highest quality method to partition
the free space since the rectangles kept in the list and checked for placing the arriving
task are maximal and therefore, offer the largest possible area where the new tasks can
be accommodated [2]. Keeping all maximum empty rectangles clearly avoids a high
fragmentation of the empty space that can lead to the situation where a new task can-
not be placed even though there is sufficient free area available.

The reason for quality loss in the keeping non-overlapping rectangles method is that
each empty rectangle is contained within one MER. Accordingly, if a task can be
placed inside one of these empty rectangles it can also be placed inside the MER that
contains it. The reverse is obviously not true. Therefore, this second method for free
space management results in a higher fragmentation of the free space and some
placement quality is lost.



2.3 Complexity

The KAMER algorithm has to be executed every time a new task is placed on the
FPGA as well as every time a task ends its execution and is removed. More precisely,
at the moment of the new task’s placement, all those MERs that overlap with it must
be divided into smaller MERs, and at the moment of a task’s removal, the overlapping
MERs must be merged into larger ones. As an example, Figure 3 illustrates the parti-
tioning of the free space into five distinct MERs whose bottom left corners are identi-
fied by A, B, C, D and E. As the newly arriving task, shown in shaded color, is placed
inside MER D, it overlaps with 4 of the 5 existing MERs; B, C, D and E. Each of the
latter must then be split into smaller ones. Figure 4 illustrates how MER B is divided
into 4 smaller maximal empty rectangles. In the same manner, MER D is split into 2,
and MERs C and E are both split into 3 smaller maximum empty rectangles. In this
case, the total number of MERs after insertion of the new task increased from 5 to 13.
This hence indicates that, in the KAMER algorithm, many MERs must be verified
whether they overlap with the new task and furthermore many of them must be divided
into smaller MERs. In a similar fashion, after the deletion of a task, a considerable
number of MERs must be merged into a few larger ones. Thus, in addition to the in-
creased running time, there is a quadratic space requirement in keeping the number of
empty rectangles in a list; this method has to manage O(n ?) rectangles for n placed
tasks.

Fig. 3. Placement of an arriving task at the bottom left corner of one of the MERs.



Fig. 4. Changes which are needed in MER B after placing the new module in the bottom left
corner of MER D.

It is obvious that the KAMER algorithm, although offering high quality placement,
necessitates an important amount of computation and memory, and hence slows down
the overall program operation. Consequently, one of the aims of our integrated sched-
uling and placement algorithm is to execute faster than the KAMER, but by maintain-
ing a certain quality of placement as well.

In the second free space management method, since the empty rectangles are non-
overlapping, only the rectangle where the new task is placed should split into two
smaller ones. Therefore, we have a O(n) complexity; the number of empty rectangles
considered for placing each hardware task is linear in terms of the number of running
tasks on the FPGA.

3 An Integated Scheduling and Placement Algorithm

The aim of this work igo develop a n integrated task scheduling and placing algorithm
including a 1-D partitioning of the reconfigurable array. In fact a new data structure
for management of free space for online placement is developed. Accordingly, the
FPGA isdivided into slots and the arriving tasks are placed inside one of the slots
depending on their execution end time value. Moreover, the width of the slots isto be

varied during runtime in order to improve the overall quality of placement. There are
two main parameters in this algorithm: The first one determines the closeness of end
times for tasks to put in one slot, and the other one defines the width of the area parti-
tioning. A proper function has to be implemented to govern each of these parameters



in order to maximize the quality of task placement. The implemented algorithm will
be described in detail and shown to require less memory and computation time than its
KAMER counterpart.

3.1 A New Free Space Manager

Unlike in the KAMER algorithm where we have a quadratic memory requirement, our
placement algorithm requires linear memory. Instead of maintaining a list of empty
rectangles where the arriving task can be placed, we maintain exactly two horizontal
lines, i.e. one above and one under the placed running tasks as depicted in Figure 5.
For storing the information of each horizontal line, we use a separate linked-list.

In online placement, all of the so far proposed fitting strategies [1][2] place a new
arriving task adjacent to the already placed modules, so to minimize the fragmenta-
tion. Therefore these two horizontal lines can be determined. As we place new tasks
above the horizontal line 1 or below the horizontal line 2, there shouldn’t be any
considerable free space between these two lines to use the area as efficiently as possi-
ble. For example as shown in figure 5, if module 6 is removed earlier than modules
2,3,10 and 11 the area occupied by module 6 will be wasted. To avoid these cases, we
suggest placing those tasks beside each other, that they will finish their tasks nearly
simultaneously. This task clustering and scheduling will be detailed in the next sec-
tion.

Reconfigurable Hardware

Horizontal_line_1

Horizontal_line_2

Fig. 5. Using horizontal lines to mange free space.

The placement algorithm is implemented in such a way that, arriving tasks are placed
above the currently running tasks as long as there is free space. Once there are no



empty spaces found above the running tasks, the new ones start to be placed below
them and so on.

As already mentioned, this implementation requires linear memory. Furthermore, the
addition and deletion of tasks involves updating and searching through lists, which is a
much faster operation than looking for, merging and dividing maximum empty rectan-
gles. Also, placing the arriving tasks alternatively above and then below the running
tasks ensures an efficient use of available area.

3.2 Task Scheduling

As we mentioned before, we need a task clustering to have less fragmentation between
the two horizontal lines. For explaining this clustering, first we should define the re-
quired specifications of real-time tasks.

Each arriving task ¢, T is, amongst other parameters, defined by its arrival time a;

and its execution time ¢, (definition 1). Hence, if a particular task can be placed on the
chip at the time of its arrival, it will end its execution at time a; + ¢;. Each task has
also a deadline time dj assigned to it, which is greater than a; + ¢, and sets a limit on
how long the task can reside inside the running process. Next we define a mobility
interval for each task according to end times. The mobility interval is defined as mo-
bility=[4SAP _end; ALAP_end), where ASAPend = a, + ¢, is the as soon as possible
task end time; and ALAP_end= d; is the as late as possible task end time.

Therefore, each task, once placed on the array, will finish its execution at a time be-
longing to its mobility interval. For clustering tasks, first we should define clusters:

Definition 2 (Clustes or Slots) An FPGA consists of a two-dimensional
CLB(Configurable Logic Array) with m rows and n columns. The columns are parti-
tioned into contiguous regions, which each region is called a cluster or slot.

The number of slots can be chosen to be different, but in our case, according to the
FPGA size and the size of tasks, we have divided the area into three slots. Each task’s
mobility interval is then used to determine in which cluster the task should be placed.
Accordingly, we compute successive end time intervals denoted end timel,
end_time2, end_time3... . The details of their computation will be explained in the
pseudo code of scheduling.

If a task’s mobility interval overlaps with the end timel interval as shown in Figure 6,
then this task will be placed inside the first slot, if it overlaps with end_time?2 it will be
placed inside the second slot, with end time3 inside the third slot, with end time4
inside the first slot, and so on. This situation is illustrated in Figure 7.

The motivation behind this clustering method, as can be observed in Figure 7, is to
have all tasks with similar end times placed next to each other (the number in each
module shows that the module belongs to which interval end_time). In this way, as
tasks “belonging” to the same end time interval end their execution, a large empty
space will be created at a precise location. This newly created empty space will then
be able to accommodate future, perhaps larger tasks.
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Fig. 6. The tasks with mobility intervals overlapping with the same end time

interval.
end time 1 end_time 2 end time3
end timed ... end time5 .. end time6 ...

Fig. 7. Placement of tasks inside clusters according to their mobility intervals.



3.3 Optimizing Scheduling

In order to optimize the quality of task placement, or in other words, to reduce the
number of rejected tasks, benchmarking had to be performed on how big the succes-
sive end time intervals should be. As shown in the pseudo code of computing
end_time intervals, we divide the Total Interval into three equal ranges. Moreover, an
eventual function had to be implemented to vary the ratio of the end time intervals to
the Total Interval during runtime. The idea there is that, when an excessive number of
tasks are being placed inside a single cluster, the length of the end time intervals
should be reduced so that tasks can continue being placed inside the remaining two
clusters. Consequently, we define an input rate for each of the clusters as follows:

# of Tasks

7 (M

Input rate =

Where # of Tasks is the number of tasks placed inside the corresponding cluster dur-
ing the period 7. Now, as the input rate of one of the clusters becomes higher than
some predetermined threshold value, the length of the corresponding end time inter-
vals should be reduced and kept at that value during some time t. This process was
simulated and repeated for a vast range of values for the period T, the threshold and
the hold time t. The steps of this scheduling and its optimizing is presented in the
following way. Here N is number of slots on the device:

i=0;  //number of arrived tasks
k=1;

Maxk=0,'

Task_Arriving:

i=itl;

Min= ASAP_end;;

Max= ALAP _end;,
forj=I1toi

{

Min= min( Min, ASAP end;);
Max= max( Max , ALAP end;);
/

Min= max( Min , Max; ),
Total_Interval=Max - Min;

for s=0to N-1

end _time(k +s) = (Min + Total_]{]nterval xs, Total_]f]nterval X (s +1)):
if( t mod T=0)  // T: period of Time  //t: Current time

{

nov=0; // Number of overloaded slots
fors=1toN

{



Task, = {ti| t;Oend time(M) and M mod N =s}

Input _rate(s) = @ ;
if(Input rate(s) > Threshold)
{
a,=1;
nov=nov+I;
/
else
a,=2;
/
for s=0to N-1

s s+l
Total_Interval, s, Total _Interval (N3

2N —nov ~ 2N —nov —
i=l i=1

end _time(k +5) = (Min +

/
if (Min>1t) // Current time

{

k=k+3;

Max,=Max;

/

Go to Task_Arriving

3.4 Optimizing Partitioning

As a new task arrives, its mobility interval is computed, the overlapping end time
interval is determined and the task is assigned to the corresponding cluster. The situ-
ation might and will arise where that cluster is full and the task will have to be queued

until some tasks within that same cluster end their execution so that the queued task
can be placed. However, there might be enough free space in the remaining two clus-
ters to accommodate that queued task. Hence, to improve the quality of the overall
algorithm the cluster widths are made to be dynamic and can increase and decrease
during runtime when needed. This situation is illustrated in Figure 8.

A proper function had to be found to govern this 1-D partitioning of the reconfig-
urable hardware. For this purpose, for all the queued tasks waiting to be configured on
the device it was counted how many of them are assigned to each cluster. Hence, three
variables (queuel, queue2, queue3) kept track of the number of tasks in the queue for
each of the three clusters. The width of the clusters was then set propor-tionally to the
values of these three variables. For example, if during runtime we have the situation
where queuel=4, queue2=2, queue3=2, the width of the first cluster should be set to
half and the widths of the second and third clusters should both be set to one quarter
of the entire array width. The widths aren’t however changed instantly but rather
gradually by some predetermined value at each time unit. This method for the 1-D



space partitioning indeed proved to be the best one in reducing the overall number of
rejected tasks.

end time 1 end_time 2 end time3
end_time4 ... end time3.. end time6 ...

..... T B

Fig. 8. Dynamic 1-D array space partitioning.

4 Experimental Results

Our cluster based algorithm was compared to the KAMER algorithm in terms of how
fast they execute on the one hand, and of how many tasks get rejected on the other.
Since the main idea was to compare these two performance parameters, the genera-
tion of tasks was kept as simple as possible. Late arriving tasks were not taken into
account, only one new task arrives at each clock cycle and once placed, a task’s exe-
cution cannot be aborted. Also, at every time unit or clock cycle, the algorithm tries to
place the new arriving task on the device, checks for tasks that ended their execu-tion
so they can be removed and finally all queued tasks are checked for placement. All
simulations were performed for a chip size 80x120, a 2-dimensional CLB array, corre-
sponding to the Xilinx XCV2000E device.

In order to evaluate the improvement in the overall computation time of our algo-
rithm as compared to the KAMER, we simulated the placement of 1000 tasks and
measured the time in milliseconds both programs took to execute. This was done for
different task sizes and shapes, precisely for tasks with width and height uniformly
distributed in the intervals [10, 25], [15, 20] and [5, 35]. For each task size range, the



simulation was repeated 50 times and the overall average of execution times was
computed. The obtained results are summarized by the graph in Figure 9. For the
different task sizes we observe an improvement of 15 to 20 percent as compared to the
execution time of the KAMER algorithm. This can be observed in Figure 10, where
our algorithm’s execution time is presented as a fraction of the time the KAMER
algorithm takes to execute.

For optimizing scheduling, the conclusion was that, by varying the width of end time
intervals, slightly fewer tasks were being rejected than in the case where the width was
just held constant at a single value. In fact, the best performance was observed when
the length of the end time intervals was set to be distributed uniformly in the mobility
interval range.

The percent of rejected tasks in KAMER was 15.5% and in our cluster-based method
was 16.2%. Because, in the KAMER algorithm where the entire chip area is available
for all tasks to be placed, tasks with similar end times are most often separated from
each other. Once these tasks end their execution, small empty spaces that are distant
from each other are created and although there might be enough total free space to
accommodate a new task, it might get rejected since not being able to be placed in
either of those free locations.

Algorithm Execution Times for 1000 Tasks

6000
55001
5000
4500 — —
4000 = —
3500 — —

3000 — -
[ Size [10, 25]

2500 — Tl Size [15, 20]
2000+ |[]Size [5, 35]

Time (ms)

1500+ — —
1000+ — —
500+ — —

KAMER Cluster-
based

Fig. 9. Algorithm execution times as an average of 50 measurements.



Fraction of execution time of the KAMER algorithm

100,00%
80,00% - —
60,00% —
(=]
BN [ Size [10, 25]
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40,00% — [ |[Jsize[5, 35]
20,00% - —=
0,00%

Fig. 10. Fraction of execution time of the KAMER algorithm.

5 Conclusion

In this paper we have discussed existing online placement techniques for reconfigur-
able FPGA. We suggested a new dynamic task scheduling and placement method. We
have conducted experiments to evaluate our algorithm and previous one. We reported
on simulations that show an improvement of up to 20% on the placement performance
compared to [1]. Also, the quality of placement in this method is comparable to
KAMER method and it has nearly the same percent of rejected tasks as KAMER
method.

Concerning further work, we plan to develop an online scheduling algorithm to
minimize task rejections, and take into consider the dependencies between tasks. Also
we intend to investigate more on online placement scenario and make a competitive
analysis with optimal offline version of placement [6].
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