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ReCoNodes Part II 
Optimization Methods for Module

Scheduling and Placement on
Reconfigurable Hardware Devices

2
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Packing
Placing modules onto an FPGA

3
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Orthogonal Placement

4

• Placement of orthogonal modules ➜ intervall graphs

• Find optimal placement by enumeration of valid interval 
graphs (Fekete, Schepers; 2004)

• Works also with 
• heterogenities (RAM, DSPs, ...)
• higher dimensional packings (e.g., Fekete, Schepers, van der Veen; 2007)
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• Least Interference Fit:
Place modules in those columns, that are used 
by as few other modules as possible

Orthogonal Placement: Online

5
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• Least Interference Fit:
Place modules in those columns, that are used 
by as few other modules as possible

Orthogonal Placement: Online

5

3 3 5 4 3 3 3 2 2 1 1 1 1

Theorem

If all rectangles have the same width, 
then LIF is 1-competitive
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Virtual Areas

• Divide an ESM into 
several virtual areas

• Advantages
• Restrict resources
• Protect applications
• Different schedulers 

for each VESM

6

ESM

Reconfigurable area

VESM 1
Slot 1

VESM 1
Slot 2

VESM 1
Slot 3

VESM 2
Slot 1

VESM 2
Slot 2

Control CPU

VESM 2 - 
Scheduler

VESM 1 -
Scheduler

Task: Pack modules with 

time-varying resource 

requests
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Virtual Areas: Example

Example: Schedule for 5 VESMs on 16 Slots

7

Time

VESM 1

Slots

VESM 2 VESM 3 VESM 4 VESM 5
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Virtual Areas: Delaying Requests

8

Without delaying

Time

Slots

With delaying

Time

Slots
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FPGAtris: offline

• Solvable using an ILP

• Example:

• 6120 Constraints
• 2537 Variables
• 6h with CPLEX

(3.2 GHz Xeon)

9

Variables

Slot assignment variables (xsi) module mi is scheduled in slot s
Time assignment variables (ytij) request (i, j) is scheduled at time t
Occupancy variables (zstij) keep track of occupied slots
Usage variables (ut) indicates which times steps are used

Constraints

Assignment Constraints

N�

s=1

xsi = 1 ∀i = 1, . . . ,M , (1)

T�

t=1

ytij = 1 ∀i = 1, . . . ,M, j = 1, . . . , �i . (2)

Boundary Constraints ∀i, j, s = slow, . . . , sup : xsi = 0 (3)

Order Constraints

T�

t=1

t ytij −
T�

t=1

t ytij−1 > 0 ∀i, j > 0 . (4)

Occupancy Constraints ∀i = 1, . . . ,M, j =1, . . . , �i, s=1, . . . , N, t=1, . . . , T,
s�=slow, . . . , sup : xsi + ytij − zs�tij ≤ 1 (5)

Exclusive Constraints ∀t = 1, . . . , T, s = 1, . . . , N :
M�

i=1

�i�

j=1

zstij ≤ 1 (6)

Delay Constraints ∀i = 1, . . . M, j = 1, . . . , �i − 1, s = 1, . . . , N,
t = 1, . . . , T − 1 : zstij − zs(t+1)ij − y(t+1)i(j+1) ≤ 0 (7)

Usage Constraints ∀t = 1, . . . T, i = 1, . . . ,M, j = 1, . . . , �i : ut − ytij ≥ 0 (8)
∀t = 2, . . . , T : ut−1 − ut ≥ 0 . (9)

Objective Function

min
T�

i=1

iui

subject to Eq. (1)–(9)

xsi ∈ {0, 1}, ytij ∈ {0, 1}, zstij ∈ {0, 1}, ut ∈ {0, 1}

Requests known
 a priori
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FPGAtris: Simple Heuristics	



• FirstFit
• Choose the lowest, leftmost, overlapping-free position

• FirstFit with delays
• Same as FF, but stretch modules

10
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FPGAtris: Simple Heuristics

• BestFit
• L (R) :=  unoccupied cells

left (right) to placed module
• rating := min{L, R}
• take position with minimal rating
• Quality of BestFit packing

depends on insertion order

• TabuSearch
• Try different insertion orders with BestFit

11

L=4 R=8

rating = 4
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FPGAtris: Simple Heuristics

• Experiments with 
randomly generated 
input

• Lower bound: 
total area / width

12

LB =
1
N

M�
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Defragmentation
Cleaning up an FPGA

Here: 

only columnwise 

reconfiguration

13
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation

14

Scheduler

FPGA

insufficient 

connected 

free space
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation

14

Scheduler

FPGA

Defragmentation:
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Module Library

Defragmentation

14

Scheduler

FPGA

STOPDefragmentation:
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Module Library

Defragmentation

14

Scheduler

FPGA

MOVEDefragmentation:
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Module Library

Defragmentation

14

Scheduler

FPGA

RESUMEDefragmentation:
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Module Library

Defragmentation

14

Scheduler

FPGA
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Module Library

Defragmentation

14

Scheduler

FPGA
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Defragmentation, Approach I

• Use simple strategy for placement, defrag 
whole FPGA when necessary

15

Theorem

Rearranging an array of contiguous objects 
such that the free space is maximized is 
strongly NP-complete. Moreover, there is no 
PTAS within any polynomial approx. factor 
(unless P = NP ).
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Defragmentation, Approach I

• Easy to solve if density is low

16

δ :=
1
�

n�

i=1

mi ≤
1
2
− 1

2�
· max

i=1,...,n
{mi}

from right to left: 
      shift every module to the right as far as possible 
from left to right:
      shift every module to the left as far as possible

� Width of FPGA
mi Modules sizes
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Defragmentation, Approach I
• Tabu-Search:

• locally shift modules
• accept shift that maximizes

17

Maximal free space
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Defragmentation,  Approach II

• Maintain FPGA to avoid complete 
defragmentation

• Strategies: (Bender, Fekete, Kamphans, Schweer; FCT’09)

• AlwaysSorted: Keep modules sorted by their size
• DelayedSort: Delay sorting until necessary
• ClassSort: 

• Organize modules in size classes of power of 2
• Maintain free blocks in each size class

• LocalShift:
• Use BestFit if possible
• Otherwise compact FPGA in small neighborhoods of free 

18
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Defragmentation,  Approach II

• Maintain FPGA to avoid complete 
defragmentation

• Strategies: (Bender, Fekete, Kamphans, Schweer; FCT’09)

• AlwaysSorted: Keep modules sorted by their size
• DelayedSort: Delay sorting until necessary
• ClassSort: 

• Organize modules in size classes of power of 2
• Maintain free blocks in each size class

• LocalShift:
• Use BestFit if possible
• Otherwise compact FPGA in small neighborhoods of free 

18

Theorem

AlwaysSorted achieves the optimal makespan, if there is 
no time penalty for moves.  

Theorem

ClassSort performs         moves per operation 
Amortized cost are  
    : module‘s size,       : largest module, 

O(mi log M)
mi M

O(1)
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Defragmentation, Approach II

19
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Defragmentation, Approach II

19

Number of moves
Number of moved 

columns
Makespan

(moves are free!)
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... but a lot of moves

Defragmentation, Approach II

19

Sorting algorithms: 
optimal makespan
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Defragmentation, Approach II

19

ClassSort: few moves,
but a lot of overhead due to 

fragmentation
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Defragmentation, Approach II

19

LocalShift: simple, 
but effective
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