






















































































The basic repetition vector of the graph in Figure 3.1 is found to be [2 1 1]. In this

example we assume that the hardware has two kinds of functional units U+ and Usx with 2
functional units of type U+ and 1 functional unit of type Usx. The first step of the

scheduling algorithm is to construct the SDAG for the given synchronous data flow

graph. The SDAG of the SDFG in Figure 3.1 is shown in Figure 3.2.

4 - -
4 1 £
- Lp QU .
- £ VAP
| e B (LC)
] | \__/

Figure 3.2 SDAG for the SDFG in 3.1

We now schedule the operations A and B without losing dependencies between
them. A1 and A2 are 2 copies of operation A that need to be scheduled. The start time of
the operation Al is given by S(Al) = 1 and it is allocated to the first copy of the
functional unit U+. A2 is allocated to the second copy of the functional unit U+ since it is
still unallocated. Hence, the start time of A2 is S (A2) = 1. Now all of the copies of A
have been scheduled and the time units taken are 1. We now schedule operation B in the
functional unit U+. This operation starts at time unit 2 and is allocated to the first copy of
the functional unit U+. We now finished scheduling the operations in the SDAG. The
timer is reset to 1.We continue the scheduling process by scheduling the other operations
in the SDAG. The only operation we now have is C and it is allocated to the functional
unit U*. The start time of C is S(C) = 1.The final schedule of the SDFG is given in Table

3.1.
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Table 3.1 Schedule of the SDFG in Figure 3.1

Time Step U+ U+ uU*
1 Al A2 C
2 B NOP C

Rotation scheduling is one resource - constrained retiming technique for
producing an optimum clock period for the data flow graph. Rotation scheduling is a
heuristic technique that combines both retiming and scheduling by performing
cumulative retiming in a particular order. In this research, we demonstrate the application

of this technique to achieve optimum schedules in a short amount of time.

The primary operation in the rotation scheduling technique is called down
rotation. When the down rotation operation of length N is applied on a synchronous data
flow graph, it extracts all the nodes that are scheduled in the first N time steps of the
schedule. The retiming technique is then applied on these nodes. Below is the rotation

scheduling algorithm that clearly explains the procedure.
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Algorithm 3.2 Down_Rotate (G, S, 1, q)
Input: G (V, E, t, d, p, ¢) is a SDFG, S is the schedule of the SDFG G, 1 is the

number of time steps to rotate the synchronous data flow graph. q is the basic rotation
vector BRV for the SDFG.
Output: The rotated SDFG based on the number of time steps.

X €« {v arv/s (v) - min{S (u )} <l } /* nodes scheduled within time step 1 */
uV

1€ {u ~vOE/uOV/X,vOX} /* incoming edges for the nodes */

O < {u - vUE/ulUX,vQ V/X} /* outgoing edges from the node */

for all v X do

extract (SG, v)

end for

for all incoming edges e [ I

Decrement the delay on edge e by qx where gy is the repetition number for x.

d(e) € d(e)—qx
end for

for all outgoing edges e 1 O
Increment the delays on the edge e by (qx * p (x))

d (e) € d(e) + qx * p(x).
end for
Schedule (Sg, G, X) /*Schedule the retimed vertices of the graph.*/

The above down rotation algorithm is applied for a series of transformations

cumulatively and the lengths of the schedules are recorded to check whether there is any

improvement in the schedule length.

3.4 Example to Demonstrate the Down Rotate Operation

We now explain the Down_Rotate algorithm with the aid of an example to help

familiarize the reader with this operation. Consider the synchronous data flow graph

shown in Figure 3.3.
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Figure 3.3 Example SDFG

The iterative process represented by the SDFG in Figure 3.3 consists of 3
operations A, B and C. The operations A and B are of a similar kind represented by the
square boxes, each of them taking 1 time unit for completion. The operation C is another
kind of operation represented by a circle which takes 2 time units for completion. The

topology matrix for the above graph is shown in Figure 3.4.

1 2 0
o 1 1
o 1 1
1 0 2

Figure 3.4 Topology matrix for the SDFG in Figure 3.3

From the above topology matrix, the basic repetition vector can be computed as

q=[2 1 1]. Hence we get the following values: qa =2, qg = 1, qC = 1. So, we need to

schedule 2 copies of A and 1 copy each for B and C in every iteration.
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Now let us rotate the graph with the time step 1. In order to find all the operations
that are scheduled under the time step 1, we need to find the initial schedule for the
graph. The process has a dependency A—B—C. The initial schedule for the graph with
one functional unit for each operation is given in Table 3.2 below. U+ represents the
functional unit for operations with computation time 1 and U* is the functional unit for

operations with computation time 2.

Table 3.2 Initial schedule for the SDFG in Figure 3.3

Time Step U+ Us

1 Al NOP
2 A2 NOP
3 B NOP
4 NOP C

5 NOP C

As we observe, the operation scheduled within the time step 1 is A. The set of

incoming edges and outgoing edges for these operations are 1o = {CA}, Op = {AB},

where Iy and Cy represent the set of incoming and outgoing edges for the vertex x.

The next step is to redistribute the delays along the above edges. As per the

algorithm we decrement the delays on the edge CA by qa and increment the delays on
the edge AB by qa * p(A). The new SDFG we get after a single down rotation is shown

in Figure 3.5.
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Figure 3.5 Rotated SDFG

The dependency we have in the new graph is B—C. The schedule for the SDFG

in Figure 3.5 is shown in Table 3.3 below.

Table 3.3 Schedule for the SDFG after single rotation

Time Step U+ Us
1 B NOP
2 Al C
3 A2 C

The above steps describe the basic idea behind the rotation scheduling operation.
The series of applied down rotations can be termed as a rotation phase. The number of
down rotations that need to be applied is #. This value of # is an experimentally
determined constant. The length of the schedule gets reduced after each down rotation if
the hardware consists of enough idle time. Hence, the number of time steps for down
rotation needs to be adjusted after every step. The rotation phase algorithm described in

[4] is shown below.
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Algorithm 3.3 Rotation_Phase (G, Sg, 1, n, Sopt, q)
Input: G (V, E, t, d, p, ¢) is a consistent and live SDFG, Sc is the schedule of the SDFG

G, I is the number of time steps to rotate the Synchronous Data Flow Graph. q is the
Basic Repetition Vector BRV for the SDFG.
Output: The rotated SDFG G, after a series of down rotations have been to the initial
SDFG, The optimal Schedule Sopt.
Sopt =SG // Initializing the Sopt with the initial Schedule.
fori=1ton
while 1 >= length (SG) do
1172

end while
down_rotate (G, SG, 1, q)
if length(SG) < length (Sopt)

Sopt <+ SG
end if
End for

3.5 Rotation Heuristics

The application of every rotation phase to the initial schedule produces a better
schedule for the SDFG since we record all the schedules obtained after each down
rotation and compute the best among them. There are several rotation heuristics that can
be applied to an SDFG to improve the schedule length of the graph [4]. These heuristics
apply a series of rotation phases to the given schedule, and any improvements in the
schedule length are recorded. The range of rotation phases to be tried is an
experimentally determined constant k. For our purpose we will use the heuristic RH1

described in [2, 4].
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Algorithm 3.4 Heuristic RH1 (G, 1, K)
Input: G is a SDFG, c is the number of down rotations that need to be applied in each
rotation phase. e is the range of Rotation phases to be tried.
Output: The optimal solution found, is stored in Sopt.
Sini « Initial Schedule(SDFG)
L < Length (Sinj)
Sopt «— Sipj
fori=1tox. L
do
SG < Sini
Rotation_Phase (G, SG , 1, 1, Sopt).

end for

In the above rotation heuristic, it can be observed that each time after the rotation

phase is applied, the Schedule Sg is re-initialized to the original Schedule Sij;; i.e.; the

rotation phases are applied independently to the original schedule and any improvements

are recorded as Sopt- BY applying the rotation phases cumulatively, we can avoid

duplicate calculations that occur during the RH1 heuristic.

3.6 Limitations of the Heuristic Model

The rotation heuristics discussed above have a few limitations when implemented
on the synchronous data flow graphs which are described in [4]. The first one is the time
required to implement the above algorithms, which depends on the values # and x. The
algorithm generally produces good results for higher values of # and x. The time
complexity of the heuristic RH1 can be give as O (n x |V| |E|) [6] where « is the range of

rotation phases that are implemented, # is the number of down rotations that are applied
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in each rotation phase, |V| and |E| are the number of nodes and edges respectively. Hence,

any increase in the values of # and x will increase the running time of the algorithm.

The values 7 and x are experimentally determined constants. Finding the correct
values for the above constants is based on a trial and error method. The other issue with
this kind of approach is that there is no attempt made to stop the method early if the

optimal value is reached before the completion of the heuristic.

Another drawback we have from this heuristic is that we might encounter the
same schedule after several iterations. No mechanism has been implemented to use the

already computed schedule. The schedule needs to be re-computed every time it occurs.

3.7 Summary

In this chapter, we have developed an algorithm Down_Rotate which rotates the
given SDFG based on a time step equal to 1, and produces a better schedule for the graph,
provided there is enough idle time in the hardware to support the down rotation. We also
developed an algorithm to generate a static schedule for an SDFG with limited hardware.
This algorithm considers factors such as kinds of functional units available, number of
copies for each functional unit and the basic repetition vector of the SDFG. We have also
discussed a rotation heuristic that helps in producing all possible schedules for an SDFG

and explained some of the drawbacks of this heuristic.
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CHAPTER IV

RESULTS

In this section, we will apply our findings to some of the examples of the

synchronous data flow graphs.

4.1 First example

In this example, we try to apply the rotation scheduling algorithm to the following

SDFG given in the Figure 4.1
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Figure 4.1 Synchronous data flow graph

In the above synchronous data flow graph, it can be observed that there are 3 operations
that need to be scheduled, denoted by A, B and C. The operations A and B are denoted

using squares and operation C is denoted using a circle indicating different types of
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functional units. The topology matrix for the SDFG in Figure 4.1 is shown in Figure 4.2

below.

[N
[}
fend

Figure 4.2 Topology matrix of the SDFG in Figure 4.1

The basic repetition vector for the above SDFG is [1 2 1]. That is, we need to
schedule 1 copy of A, 2 copies of B and one copy of C. The time required to compute
eachnode ist( A) =1, t(B) =1, t(C) = 2. We assume that there is one functional unit for

Adder (A, B) and one for Multiplier (C).

In order to schedule the above graph, we first remove the edges with sufficient
delays in it and form a synchronous directed acyclic graph (SDAG). It can be shown in

the figure below.

1 1 2
2 1 1 2
a C

Figure 4.3 SDAG for the graph in Figure 4.1
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We initially schedule the operations in the SDAG in the order of their execution.
We need to make sure that the operations A, B, and C must be scheduled in the above

order only. The schedule for the above graph is given in Table 4.1 below

Table 4.1 Initial schedule of SDFG

Time Step Usx U4
1 NOP A
2 NOP B1
3 NOP B2
4 C NOP
5 C NOP

The total time taken for the schedule is 5 time units. B1 and B2 are the 2 copies
that need to be scheduled. Now we down rotate the above SDFG with time step 1. There
is only one operation A within the time step 1. Hence we rotate the operation A by

extracting qq * 1 delays from the incoming edges and pushing q, * p(A) number of

delays into the outgoing edges. We get the following SDFG after rotating the node A.

Figure 4.4 SDFG after single rotation

37



The synchronous directed acyclic graph for the above SDFG is given in Figure

4.5 below
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Figure 4.5 SDAG after single rotation

Hence we schedule B and C first in the above graph and then schedule the

operation A.

Table 4.2 Schedule of SDFG after single rotation

Time Step Us Uy
1 NOP B1
2 NOP B1
3 C A
4 C NOP

In the above schedule, U* represents the functional unit related to operation C and

U+ denotes the functional unit related to the operations A and B.

Now, we rotate operation B, since it is the only node which can be scheduled in

the time step 1. It pulls q, number of delays from the edge A— B and pushes them onto

the outgoing edge B —C. The SDFG after second rotation is shown in Figure 4.6.



1 1 2
E z i ,; 1 Z /’Z‘\
..\ ; / i
‘_\\ ’/
~_ ! l/,,

Figure 4.6 SDFG after second rotation

The scheduling algorithm first schedules the SDAG of the above graph which is

shown in Figure 4.7.
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Figure 4.7 SDAG after second rotation

The updated time schedule is shown in Table 4.3

Table 4.3 Schedule of SDFG after second rotation

Time Step Us Uy
1 C A
2 C B1
3 NOP B2
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Hence, from the above example, we can infer that the length of the schedule for a
SDFG can be significantly improved by using the rotation scheduling algorithm provided

there is enough idle time in the hardware to support the down rotate operation.

4.2 Second Example

We now look at a complex synchronous data flow graph and apply the rotation

scheduling algorithm to the graph. Consider the synchronous data flow graph in Figure

4.8.

Figure 4.8 Initial synchronous data flow graph

In the graph shown in Figure 4.8, {A, B, C, D, E, F} form the set of operations.

The corresponding topology matrix is given in Figure 4.9.
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Figure 4.9 Topology matrix for the SDFG in Figure 4.8

The basic repetition vector for the above SDFG can be found using the topology
matrix given in Figure 4.9. The BRV of the graph q = [16 1 1 1 4 1]. Hence in each
iteration 16 copies of A, 4 copies of E, and one copy each of B, C, D and F need to be
scheduled. We have 2 types of operations in this iterative process. The set of operations S
= {A, B, D, E} come under one group where each operation requires 1 time unit for
completion and the operations T ={C, F} require 2 time units for completion. Since there

are two types of operations, we need to have 2 kinds of functional units U+ and Usx where

U+ is used for the set of operations S and U= is used for set T.

We assume that the given hardware consists of 2 copies of functional unit U4 and
one copy of the functional unit Ux. The initial schedule of the given SDFG can be found

using the algorithm Schedule-SDFG. First we need to generate the synchronous directed

acyclic graph which can be shown in the Figure 4.10.
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Figure 4.10 SDAG of the SDFG in Figure 4.8

It can be observed from Figure 4.10 that B cannot be scheduled until the
operations A and F are finished, and A cannot be scheduled until the operation E is

finished. The initial schedule for the SDFG is given in Table 4.4.

Table 4.4 Initial schedule for the SDFG.

Time Step U+ U+ U*

1 El E2 F

2 E3 E4 F

3 Al A2 NOP
4 A3 A4 NOP
5 A5 A6 NOP
6 A7 A8 NOP
7 A9 Al0 NOP
8 All Al2 NOP
9 Al3 Al4 NOP
10 AlS Al6 NOP
11 B D NOP
12 NOP NOP C
13 NOP NOP C
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We now apply the down rotation algorithm to the given SDFG with the time step
1. The operations scheduled under time step 1 are E and F. So we rotate the graph by

pulling qg delays from the incoming edge DE and pushing (qg * 4) delays onto the
outgoing edge EA. Similarly, we pull qf delays from DF and push (qf * 1) delays onto

the edge FB. The SDFG now transforms to the graph in Figure 4.11.

Figure 4.11 SDFQG after single rotation.

The SDAG for this graph can be given as shown in the Figure 4.16.

®—@© —na ®

Figure 4.12 SDAG after first rotation
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Now the order of execution for the operations is A—B—C and D—F. The

schedule obtained from the scheduling algorithm is given in Table 4.5.

Table 4.5 Schedule of SDFG after single rotation

Time Step U+ U+ U*
1 D Al NOP
2 A2 A3 F
3 A4 AS F
4 A6 A7 NOP
5 A8 A9 NOP
6 A10 All NOP
7 Al2 Al3 NOP
8 Al4 AlS NOP
9 Al6 El NOP

10 B E2 NOP
11 E3 E4 C
12 NOP NOP C

We observe that the time taken to complete the iteration has decreased compared
to the original clock period. We continue to rotate the SDFG with time step 1. The

operations scheduled at time step 1 are D and A. So we rotate the graph by pulling qp
delays from the incoming edge CD and pushing (qp * 4) delays onto the outgoing edge
DE and (qp *1) delays onto another outgoing edge DF. Similarly, we pull qa delays
from EA and push (qp * 1) delays onto the edge AB. The SDFG now transforms to the

graph in Figure 4.13.
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Figure 4.13 SDFG after second rotation

We generate the SDAG for this graph to schedule the graph using the Schedule-

SDFG algorithm. The SDAG is shown in the Figure 4.14.

®@ | 0O O

Figure 4.14 SDAG after second rotation.

The dependencies we now have are E—>A and B—C—D. The schedule can be

found using the scheduling algorithm and is shown in Table 4. 6.
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Table 4.6 Schedule of SDFG after second rotation.

Time Step U+ U+ U*

| B El NOP
2 E2 E3 C

3 E4 NOP C

4 D Al F

5 A2 A3 F

6 A4 A5 NOP
7 A6 A7 NOP
8 A8 A9 NOP
9 Al10 All NOP
10 Al2 Al3 NOP
11 Al4 AlS NOP
12 Al6 NOP NOP

From the above example, we observe that the time period remained same after the
second down rotation since there is not enough idle time to support the down rotation.
With an increased number of functional units, cumulative application of rotation
scheduling using rotation heuristics will produce a better schedule. The number of

rotations to be applied is an experimentally determined constant.

4.3 Summary

In this chapter, we demonstrated the algorithms down rotate and Schedule-SDFG

by applying them on synchronous data flow graphs. With the help of suitable examples,
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we explained how rotation scheduling improves the clock period of an SDFG after every

rotation performed on the graph.
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

In this chapter, we will summarize the contributions that are made through this
research and give directions to the future enhancements that can be made to the current

work.

5.1 Contributions

In this research, we examined several fundamentals related to the iterative process
and their representations. Data flow graphs and synchronous data flow graphs are the two
important data structures that can be used to represent these kinds of processes. Our
research primarily focuses on the synchronous data flow graphs which are used to
represent the digital signal processing applications where each operation is capable of
producing or consuming multiple data tokens. These graphs can be transformed to
equivalent homogenous graphs where each node can produce or consume single tokens of

data. Let us look at the contributions in detail.
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5.2 Rotation Scheduling

A significant amount of research has been done in implementing the technique of
rotation scheduling on data flow graphs. Through this research, we demonstrated the
application of rotation scheduling on the synchronous data flow graphs without

converting them into equivalent homogeneous graphs.

We made an attempt to optimize the clock period of the graph with the help of the
down_rotate algorithm which moves the operations scheduled at the beginning to the end
of the schedule to utilize the idle time of the hardware. This algorithm uses the concept of
the basic repetition vector, which stores the number of copies of each node that need to

be scheduled in each iteration.

We discussed the Rotation Phase algorithm which cumulatively applies the
down_rotate operation on the graph a constant number of times. This constant is

determined experimentally.

We discussed the heuristic RH1 which makes use of the above two algorithms

and produces an optimal clock period for the synchronous data flow graph. We then

explained the limitations that this heuristic can potentially have.
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5.3 Scheduling the synchronous data flow graph

Each time the down_rotate algorithm is applied to a synchronous data flow graph,
it produces a new schedule for the iterative process. We developed an algorithm
Schedule-SDFG that schedules the operations in the given SDFG without violating the

dependencies between them.

This algorithm takes several parameters into consideration such as the kinds of
functional units available, number of copies of each functional unit available, and the
basic repetition vector. This algorithm makes efficient use of the available hardware by

reducing the idle time on every functional unit available.

5.4 Future work

Throughout this research, we assume that the exact computation times of the tasks
involved are known to the scheduler. It is always a challenge to produce a good schedule
without knowing the exact computation times of the tasks that need to be scheduled. The
article in [12] has done a significant amount of research in scheduling these kinds of
tasks. It used data flow graphs to represent these operations where each node of the graph
represents a task with probabilistic computation time. It proposed two new algorithms
called probabilistic retiming and probabilistic rotation scheduling. These algorithms

achieved good results when applied on example data flow graphs.
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Our research work which currently applies rotation scheduling on synchronous
data flow graphs can be extended to develop a rotation scheduling algorithm that
generates optimal schedule for the synchronous data flow graphs with probabilistic

computation times.

The scheduling algorithm used in our research distributes the copies of each
operation to several functional units available, but it doesn’t split a single copy of a node
into different functional units. This algorithm can be extended to include the above
feature. It will improve the efficiency of the algorithm and make it more flexible. Much

better schedules with an optimum clock period can be achieved.
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