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ABSTRACT

We present a novel technique for datapath allocation,
which incorporates interconnection area and delay es-
timates based on dynamic floorplanning. In this ap-
proach, datapath area is minimized by minimizing the
number of wires, routing tracks, and multiplexers,
while performance is optimized by minimizing wire
length. The simultaneous optimization of these phys-
ical cost metrics allows the system to explore realistic
design solutions.

I. Introduction

The goal of high-level synthesis is to build an optimum register-
transfer level structure from a given behavioral specification
of a digital system by exploring chip area and performance
tradeoffs. Chip area is based on the size of the control unit
and the area of the datapath. Performance is defined as the
total execution time of the synthesized design.

The datapath is composed of functional units, memories and
wires or buses which interconnect these components. While
the lower bound on the functional unit area and the memory
area 1s determined by scheduling, interconnection area can be
minimized during datapath allocation. Existing datapath al-
location algorithms reduce area by minimizing the number of
multiplexers and multiplexer inputs as well as either the num-
ber of wires for random topologies, or the number of buses
and tri-state buffers for linear topologies. However, these op-
timizations can only be done effectively if accurate area cost
metrics, including routing area, are used during high-level syn-
thesis. These factors are not generally considered during the
allocation phases of high level synthesis systems.

Further, the interdependencies among the sub-problems in
datapath allocation that affect interconnection area minimiza-
tion must be considered. These sub-problems are: functional
unit binding, memory unit binding and interconnect binding.
Existing datapath allocation algorithms do not fully account
for these interdependencies.

Performance, or execution time, is determined by both the
clock cycle length and the number of control steps. Whereas
the number of control steps is fixed in scheduling, the clock
cycle length can be minimized in datapath allocation. The
clock cycle length consists of the execution delay of datapath
units and the data transfer delay. The data transfer delay
consists of the loading delays of the data source and the data
carrier, as well as the interconnection delay. Execution delay
is fixed by the cell characteristics in the cell library. However,
the minimization of loading and interconnection delays can be
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performed during datapath allocation. Few researchers have
considered the minimization of these delays during datapath
allocation.

In order to solve these problems, more accurate area and
performance estimation metrics must be used during high-level
synthesis. This is only possible when physical layout effects
are considered in high-level synthesis. Some researchers have
discussed the effects of incorporating physical layout during
high-level synthesis.[1] Others have proposed accurate model-
ing techniques for layout area and delay estimation in high-
level synthesis.[2] Only a few researchers have proposed meth-
ods for how cost metrics for physical layout can be incorporated
in high-level synthesis efficiently.

3D scheduling[3] considers scheduling, functional unit bind-
ing and floorplanning simultaneously, and incorporates inter-
connection delay during high-level synthesis. However, it con-
siders only functional unit binding and floorplanning, and it
does not consider other elements, such as registers, multiplex-
ers and wiring elements which have a large effect not only on
datapath area but also on interconnection delay.

GBJ[4] uses a grid-based connectivity binding approach, and
considers the minimization of interconnection lengths with the
assumption of a bit-sliced stack architecture. GB calculates
arc lengths between functional units during binding in order
to minimize the distance between functional units. Then, reg-
isters are inserted by several ad hoc methods based on a case
by case analysis. However, arc lengths should really be cal-
culated between functional units and registers. Therefore, an
excessive number of registers may be allocated, this increases
not only actual layout area but also the longest arc length and
delays.

In this paper, we propose a novel approach to the problem
of datapath allocation which incorporates more accurate esti-
mate of interconnection area and delay. Because our algorithm
considers the minimization of the number of routing tracks and
the longest wire length along with conventional datapath area
metrics, our algorithm can explore diverse area-optimized and
performance-optimized datapath structures while maintaining
optimal values of conventional datapath area metrics. Further,
our algorithm performs allocation and binding sub-problems
for all control steps simultaneously, avoiding the sequential
nature of other techniques which are sources of sub-optimum
solutions.

II. Area and Performance Estimation

We use a target architecture with a bit-sliced stack and random
topology interconnection. In bit-sliced stack architectures, a
bit slice 1s constructed by laying out each bit slice unit using
standard cells vertically and connecting different units within
the same bit-slice using a vertical routing channel.

To minimize the area of a bit-slice design, we must mini-
mize both the standard cell area and the area of the routing
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Figure 1: Binding model

channel. Conventional datapath area metrics, such as numbers
of functional units, registers and multiplexers, can be used for
minimizing the area of the standard cells. But, in order to min-
imize routing channel area, the width of the routing channel
must also be minimized. This minimization can be achieved
by minimizing the number of routing tracks required to imple-
ment the nets between the datapath components.

To reduce data transfer delay, both loading delay and inter-
connection delay can be minimized during datapath allocation.
Because the loading delay is fixed by the fanout on each net
with a random topology, we can only minimize interconnec-
tion delay by minimizing wire lengths during datapath alloca-
tion. In bit-sliced stack architectures, the minimization of the
longest vertical span in any connection can be used as a cost
metric for interconnection delay.

Figure 1 explains how our algorithm handles these area and
performance optimization metrics. Figure 1(a) shows a data
flow graph after scheduling. Figure 1(c) and (d) show the
two-dimensional binding models for functional unit and regis-
ter allocation.[5] Because we treat 3 and dz as constants, we
exclude them from entries in the binding model for register
allocation.

In our binding model, we include the relative coordinates of
each functional unit and register. These values are calculated
by the floorplanning phases during datapath allocation. There-
fore, gains on the number of routing tracks and the longest
wire length as well as the number of wires and multiplexer
inputs can be calculated during each move or exchange opera-
tion during binding. Figure 1(e) shows the routing tracks and
the longest wire length calculation based on this relative co-
ordinate scheme, for the functional unit and register bindings
of Figure 1(c) and (d). If cell sizes are available in a library,
they can be used to more accurately calculate these relative
coordinates and wire lengths.

An important point to note is that when there is a change

in the mapping of operations to functional units or the map-
ping of variables to registers, the change is not always reflected
in the numbers of routing tracks, wire lengths, the number of
wires and multiplexer inputs. The change of these cost met-
rics only occurs when there is a change in the interconnection
wiring. This interconnection binding is tied to functional unit
and register binding by a many-to-one mapping. This fact is
more easily understood by introducing the notion of connec-
tivity graph:

G ={V,E}
V = { functional units and registers }
E = {V; — V; | if one or more data transfer exist from V; to V; }

Figure 1(b) shows the connectivity graph corresponding to
the functional unit and register binding shown in Figures 1(c)
and (d) for the the data flow graph of Figure 1(a). Only a
change in the edges in this derived connectivity graph would
produce a change in the above mentioned cost metrics. This
is the reason why we minimize the number of wires in the
datapath, even though the number of wires does not directly
influence traditional measures of datapath area.

IT1. Algorithm for Datapath Allocation

The input to our datapath allocator is a description of the
scheduled data flow graph. Our scheduler (implemented us-
ing FDS algorithm[6]) generates the scheduled data flow graph
from a VHDL behavioral description. The output of our dat-
apath allocator is an RTL VHDL structural description and
the relative placement of functional units and registers. The
algorithm (Figure 2) consists of two phases, initial allocation
and allocation improvement.

Datapath_Allocation( )

begin

1 S :=1i := Initial_allocation;

2 FP(best) := Floorplanning;

3 while(stopping criteria are not satisfied) do

4 while(not at equilibrium) do

5 select_improve_mode;

6 j := generate(i);

7 c := cost(j) - cost(i);

8 y := min( 1, exp(-c/T) );

9 r := random(0,1);

10 if( r <y ) then i := j;

11 end

12 FP(i) = Floorplanning;

13 if( FP(i) is better than FP(best) )
then FP(best) := FP(i);

14 if( cost(i) < cost(8) ) then S := i;

15 update_temperature;

16 end

17 return(S, FP(best));

end

Figure 2: Algorithm for datapath allocation

During the initial allocation phase, functional unit binding
is performed by a Clique partitioning algorithm[7] and register
binding is performed by a Left edge algorithm[8]. These algo-
rithms each produce individual optimal solutions. Therefore,
they are reasonable starting points for the later optimization
phases. Next, floorplanning is performed to determine the one
dimensional relative coordinates of each functional unit and
register. Minimization of the number of maximum cuts is used
as an object function for this one dimensional floorplanning.
The mincut algorithm[9] with terminal propagation is recur-
sively used for this purpose.

During the allocation improvement phase, our system op-
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timizes the number of wires and multiplexer inputs, as well
as the number of routing tracks and the longest wire length
simultaneously. Our system explores various binding alterna-
tives based on a stmulated annealing scheme[10], and seeks an
optimum solution by probabilistically exploring possible dat-
apath structures. The details of how we perform allocation
improvement are explained below.

A. Cost function on allocation improvement

As mentioned above, datapath area is minimized by reducing
the total area for multiplexers and the routing channel area
during allocation improvement. The number of multiplexer
inputs is minimized for minimizing the multiplexer area. The
number of routing tracks is minimized for minimizing rout-
ing channel area. Also, in order to improve performance by
minimizing the longest wire length, the longest vertical span
for any connection is minimized. Therefore the cost function
during allocation improvement is:

cost = P, x #multiplexer inputs + P, x #wires +
Prirack X Frouting tracks + Pimax X longest wire length

All the coefficients, P, Py, Prirack, Pimax are weighting val-
ues which indicate the relative importance of each term. Here,
we define the number of wires and the number of multiplexer
inputs as primary cost metrics, and the number of routing
tracks and the longest wire length as secondary cost metrics.
Generally, we set the weights for the primary cost metrics
greater than the weights of the secondary cost metrics. The
rationale for this decision is twofold. First, the minimization
of the number of wires must be weighted more than the mini-
mization of the secondary cost metrics, because the value of the
secondary cost metrics will be changed only when the value of
the number of wires is changed. Second, the number of multi-
plexer inputs is a more concrete cost metric than the secondary
cost metrics during high-level synthesis, since it is assumed
that detailed routing could affect the values of the secondary
cost metrics.

B. Improvement scheme

During the allocation improvement phase, a new binding state
can be generated by any of following operations:

e move or exchange a functional unit binding

e move or exchange a register binding

e swap the input binding of a functional unit in a sym-
metric operation

These trials for allocation improvement are generated ran-
domly, and controlled by a simulated annealing scheme as
shown in Figure 2. The select_improve_mode chooses an al-
location improvement mode randomly among the operations
which are described above. In this way, our system does not
sequentially optimize any of the subtasks during datapath al-
location but performs the optimizations concurrently.

One feature of our datapath allocation algorithm is that a
floorplanning phase is tightly integrated into datapath alloca-
tion. Floorplanning is invoked each time after completion of
the inner loop of allocation improvement. If a new floorplan
produces a better cost for the number of routing tracks or the
longest wire length, it replaces the current floorplan. Note that
only these two measures are affected by the floorplan. Accord-
ing to our experiments, the use of re-floorplanning produces
far better results than keeping the floorplan produced after
the initial allocation, with only a small increase in computa-
tion time.

The other feature of our datapath allocation algorithm is
the efficient modification of the standard simulated annealing
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algorithm. Line 14 in Figure 2 ensures that the best result so
far is stored in S. When the inner loop is completed at a given
temperature, that result(z) is compared with the best result so
far(S). If the new result is better than the best result, the best
result is updated. In either case, the result 2 is used for the
next iteration of the loop. We can always obtain a reasonable
result using this modification.

C. Further consideration on the minimization of
wire length

So far, we have discussed to reducing the longest wire length
to optimize performance. This scheme makes the assumption
that the execution delays of functional units are almost even
at each control step. Multicycling and chaining schemes used
any scheduler could achieve this assumption. In order to re-
move this assumption, we must emphasize the reduction of the
wire length of the critical path rather than the reduction of the
longest wire length. This can be done easily by the following
technique. First, the critical path on each control step is found
before datapath allocation by considering the execution delay
of functional units and registers. Then, heavy weights are set
for operations on the critical path. These weights are consid-
ered for calculating the longest wire length term of our cost
function, which will balance the reduction between the longest
wire length and the wire length of the critical path.

IV. Experimental Results

We have implemented the system, called MandM, and tested
it using several benchmark examples. We fixed P, and P,, at
5 1in these experiments for the two reasons. First, because they
are the weights for the primary cost metrics, they need to be
larger than the weights for the secondary cost metrics. Second,
we found that MandM produced the best results when we used
the same weights for P, and P,. In these experiments, we
increased the weighting values of the secondary cost metrics,
Prirack and Pppmae, from 0 to 5. Also we set several values
larger than 5 for Prirack and Pimaz.

Table 1 and Figure 3(a) and (b) together show the allocation
results of the fifth order elliptical wave filter example[6], with
the 19 control steps scheduling result used as the input. The
core costis the summation of the primary cost metrics.

We can see the following trends from these tables: The num-
ber of routing tracks is reduced greatly as Prirqck 18 increased
from zero, and the longest wire length is reduced when Piyqs
is increased. The longest wire length is generally reduced when
Prirack 1s increased, and the number of routing tracks is gen-
erally reduced when P4, is increased, but the amount of this
improvement is not large, and the improvement is not uniform.
This is because the improvement occurs not due to the weight-
ing value of the respective metric but due to interdependency
with the other weighted value. Also, the core cost generally
maintains its value as Prirack and Pimas are increased from 0
to 5. On the other hand, when these values are set larger than
5, the core cost generally increases.

From these examples, we can conclude that if we set the
weights for the secondary cost metrics non-zero but smaller
than the primary cost metrics, MandM produces results which
are as good as the best published solutions in terms of conven-
tional datapath metrics, as shown in Table 2. Further, by vary-
ing these secondary cost metrics based on user requirements
MandM can explore diverse area-optimized and performance-
optimized datapath structures while maintaining optimal val-
ues of conventional datapath allocation metrics.

Table 3 and Figure 3(c) and (d) together show the allocation
results of the discrete cosine transform example[5], with the 14
control steps scheduling result used as the input. We can see
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Prirach | Mux  Mux  Wite || Pimas | Mux  Mux  Wire
input input
0 6 22 32 0 6 22 32
1 5 18 30 1 7 22 31
2 5 18 30 2 6 19 32
3 6 20 30 3 6 20 33
4 7 21 31 4 6 21 32
5 6 18 30 5 7 24 32
(a) using non-pipelined multiplier
Priracn | Mux  Mux Wit || Pimag | Mux  Mux  Wire
input input
0 5 18 29 0 5 18 29
1 5 20 30 1 5 18 29
2 5 20 30 2 7 21 29
3 6 19 29 3 5 20 30
4 6 20 29 4 5 22 32
5 5 19 30 5 7 24 32
(b) using pipelined multiplier
Table 1: Elliptical wave filter example
System FU  FU  Reg  Mux  Mux  Mux  Wire
* + input 2.1

HAL 2 2 12 n/a 29 n/a n/a
EMUCS 2 2 12 n/a 34 n/a n/a
ELF 2 2 11 10 30 20 n/a
SE 2 2 10 11 31 20 n/a
SALSA 2 2 11 n/a n/a 16 n/a
STAR 2 2 10 6 27 21 43
MandM 2 2 11 6 22 16 32
HAL P 2 12 n/a 26 20 n/a
ELF 1P 2 11 11 30 19 n/a
SE 1P 2 11 9 25 16 n/a
SALSA 1P 2 11 n/a n/a 16 n/a
MandM 1P 2 11 5 18 13 29

Table 2: Allocation results for elliptical wave filter example

the same improvement trends as in the elliptical wave filter
example with even better improvements.
use of the number of routing tracks and the longest wire length
in datapath allocation has an increased impact as the size of
synthesized circuit grows.
The run times of these examples ranged from 1-2 minutes
for the differential equation example, and about 10 minutes
for the elliptical wave filter example, to 15-20 minutes for the
discrete cosine transform example, using a Sun Sparc2.

We infer that the

Briracr | Mux  Mux  Wire || Prmas | Mux  Mux  Wire
input input
0 5 50 59 0 5 50 59
1 17 8 59 1 17 a7 58
2 18 18 58 2 17 8 59
3 17 18 59 3 17 18 59
4 18 49 59 4 18 18 58
5 17 50 61 5 17 a7 58
(a) using non-pipelined multiplier
Brivacr | Mux  Mux  Wire || Prmas | Mux  Mux  Wire
input input
o T4 15 57 o T4 15 57
1 15 16 57 1 15 a7 58
2 15 44 55 2 15 a7 58
3 15 44 55 3 17 a7 56
4 14 15 57 4 15 16 57
5 15 145 56 5 15 a7 58

(b) using pipelined multiplier

Table 3: Discrete cosine transform example

V. Conclusion

In this paper we presented a novel approach for datapath allo-
cation which incorporates more accurate interconnection area
and delay estimates than previous results. To minimize chip
area, we considered the number of routing tracks as well as the
number of functional units, registers and multiplexers. To op-
timize execution time, we reduced the longest wire length used
in any control step. In order to estimate the number of rout-
ing tracks and the longest wire length accurately, floorplanning
phases were tightly integrated into the datapath allocation al-
gorithm. Experimental results show our algorithm can explore
diverse area-optimized and performance-optimized datapaths,
to meet user requirements, while maintaining optimal values
of conventional datapath area metrics.
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Figure 3: Allocation result
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