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Abstract—In this paper, we present a serial-equivalent parallel
router for FPGAs on modern multi-core processors. We are
based on the inherent net order of serial router to schedule
all the nets into a series of stages, where the non-conflicting
nets are scheduled in same stage and the conflicting nets are
scheduled in different stages. We explore the parallel routing of
non-conflicting nets on multi-core processors for a significant
speedup. We perform the data synchronization of conflicting
stages using MPI-based message queue for a feasible routing
solution. Note that load balance is always used to guide the
multi-core parallel routing. Experimental results show that our
parallel router provides about 19.13x speedup on average using
32 processor cores comparing to the serial router. Notably, our
parallel router generates exactly the same wirelength as the serial
router satisfying serial equivalency.

I. INTRODUCTION AND MOTIVATION

FPGA is a reconfigurable circuit able to be programmed by
a designer. Programming an application onto FPGAs depends
heavily on EDA tools. Routing is one of the most critical
steps in FPGA EDA flow and the existing routers always take
a very long time to complete, significantly hindering designer
productivity [1]. Multi-core processor is very prevalent today
enabling parallel router to be explored to accelerate the routing
time. It is non-trivial to parallelize the routing as it exhibits
an inherent sequential net processing order [2].

There have been several recent efforts in exploring parallel
routing for FPGAs [3], [4], [5], [6]. However, these parallel
routers do not have the serial equivalency, which cannot
generate the identical results as the serial router. Parallel
programs are preferred to be serial equivalency, which must
always give exactly the same results as the serial version of the
algorithm [7], [8]. This feature has been emphasized by Altera
for easier regression testing and customer support in parallel
EDA tools. It is a regret that support for the serial equivalency
is very limited or ignored as it was considered costly in parallel
EDA tools. In addition, serial equivalency is obtained at the
cost of speedup, especially for parallel routers [6].

Serial equivalency is very crucial in the production-grade
parallel EDA tools for three reasons. (1) When a bug is
reported by parallel tools, we must have the ability to re-
produce it. It is extremely difficult to debug the different
results between parallel and serial programs, especially that
the parallel program does not cause this bug. (2) When we
perform thousands of regression tests prior to each release
of EDA tools, such as Quartus and Vivado, it would be
extremely difficult to diagnose the failing tests whose results

978-3-9819263-4-7/DATE20/©)2020 EDAA

changed randomly. (3) When vendors and customers evaluate
the performance of EDA tools and use this product, it is
impractical in customer support if parallel version cannot
generate the same result as the serial version.

There exists a latest parallel router [6] with emphasis
on parallel determinism. However, their parallel results are
different from the results of serial router when running on
a multi-core processor platform. It is important to parallelize
the routing on the platforms with various numbers of cores.
Otherwise, we cannot benefit from a more powerful computing
platform with more processor cores, or we will lose the
benefits of serial equivalency. In addition, when a parallel
router has serial-equivalency, it is obvious that this parallel
router has determinism as well [9], because it will generate
the identical solutions as running on a single-core processor
platform. Serial equivalency is a very strong requirement and
it is rarely studied in prior parallel routing works.

In this paper, we present a serial-equivalent parallel router
for FPGAs running on multi-core processors. Benefiting from
conflict-aware multi-net scheduling, our parallel router always
generates exactly the same results as serial router, regardless of
how many processor cores are used. Notably, our scheduling
algorithm is provably optimal and it resorts to the bounding
box of each net to determine the conflicts between nets in
parallel routing. Further, load balance is always used to drive
the parallel routing for significant speedup. Our contributions
are summarized as follows:

o We propose a serial-equivalent multi-core parallel router
that provides significant speedup generating the identical
results as serial router.

e« We propose a conflict-aware scheduling algorithm that
enables the benefits of serial equivalency for parallel
routing.

o We propose a load balanced dynamic parallel approach
that exposes a high degree of parallelism for parallel
routing when running on multi-core processors.

o We present experimental evaluations adopting commonly
used benchmark suite to demonstrate the effectiveness of
our proposed parallel router.

Experimental results show that our parallel router scales to
32 processor cores to provide about 19.13x performance
speedup on average, comparing to the state-of-the-art serial
VPR 7.0 router. Further, our parallel router always generates
the identical wirelength results as serial router satisfying serial
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equivalency. To our knowledge, it is the first work emphasizing
on serial-equivalent parallel routing with a significant speedup
guarantee for FPGA routing.

II. PRELIMINARIES

The net order is a critical factor in FPGA routing [10], [11]
and for serial equivalency, we are based on the inherent net
order of serial router and give the following definitions.

DEFINITION 1. (NET ORDER). The set T =
(n1,n2,mn3,...,m¢) 1is the collection of all the nets,
where the nets are scheduled by the increasing order as
N1, N2, N3,y ..., N¢.

DEFINITION 2. (SCHEDULING STAGES). Given an inherent
order of the nets 7" = (n1, no, ..., nt) to be routed, the parallel
router schedules a routing iteration into a sequence of stages
M = (p1,p2,.-sPm), Where Up; = T and i # j —
pi Npj = 2.

DEFINITION 3. (SERIAL EQUIVALENCY). For the given
scheduling stages, the parallel router routes the nets in p;
concurrently at the first stage, and then after synchronization,
it routes the nets in po at the second stage, and so on. We call
this parallel router serial equivalency, if the parallel routing
results are equivalent to the serial routing results, where the
nets ni,na, ..., n; are routed one by one in serial router.

Scheduling the nets into a series of stages for serial-
equivalent parallel routing depends heavily on the dependen-
cies between different nets. Thus we have the concept of
independent net.

DEFINITION 4. (INDEPENDENT NET). The nets in a stage pj
are independent, if the bounding box of every pair of nets in
pr. has no overlap, i.e.,

Vbz,by € Dk,
(zi +wi <)V (yi +hi <yj)V
(w5 +w; <xi) V(y; +hy <yi)

Note that each net n; has an unique bounding box b; and
for each bounding box b;, the width and height are w; and h;,
and the lower-left cornet position is at (z;,y;). It is easy to
see that if the nets in the same stage are independent, we can
route these independent nets in parallel and still generate the
same results as in a serial routing.

DEFINITION 5. (CONFLICT GRAPH). For conflict graph
G'(V',E"), V' represents the set of all the nets. A directed
edge egj € F’ represents the dependency between nets n; and
n;, while n; must be scheduled before n; to maintain serial
equivalency.

Instead of minimizing total parallel routing time, our ob-
jective is to minimize the total number of stages to increase
the degree of parallelism and reduce the synchronization
overheads between cores. Based on the definitions above, we
formulate the scheduling problem for serial-equivalent parallel
routing on multi-core processors.
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Scheduling Problem: Given a conflict graph G'(V', E’)
of all the nets, the objective is to find a scheduling M =
(p1,D2s s Dm), such that the total number of stages m is
minimized.

Here a stage py is a collection of nets, and all of the nets
in py, are independent in the conflict graph G.

III. METHODOLOGIES
A. Conflict-Aware Scheduling

According to the bounding box size of previous iteration
and the default box expansion, we can calculate the size
of expanded box at each iteration, further determining the
dependencies between different nets in current iteration. We
thus schedule the nets into multiple stages. Further according
to the inherent net order of serial router, we consider the
conflicts between nets to explore the scheduling of all the nets
to obtain the serial-equivalent parallel routing results.

In a sense that the goal of this scheduling is to find a set
M = (p1,p2, ..., pm) of V' from the conflict graph G’, where
the elements in the same stage pj, are disconnected with each
other. Every stage pj is a conflicting collection, and we aim
to schedule the conflict graph G’ into conflicting stages as few
as possible.

According to Definition 5, we have two observations:

1) %(/);nﬂict graph G’ is directed, and Vn;,n; € py,ej; &

2) If n; € py, nj € pi, and e;j € E’, we have i < j and

k <[ (a necessary condition for serial equivalency).
These observations inspire us to propose Algorithm 1 to solve
the scheduling problem.

Algorithm 1 The Scheduling Algorithm
Require: G’ = (V', E')
Ensure: M

M« ()

2 K<=1

3: while |[V’| > 0 do

4 PK = I

5. for every node n; in V' do

6: if in-degree of n; is zero then
7 Pk <= pr U {nl}

8 end if

9:  end for

10:  for every element n, in px do
11: for every edge ¢/, do

12: E < FE —{e,}

13: end for

14:  end for

15 V<V —pg

16: M .append(px)

172 K< K+1

18: end while

In this algorithm, every vertex and edge are accessed once
and only once. Thus, the algorithm has a complexity of
O(JV'| + |E'|) as a conventional traversal flow. The cost
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to print the solution is at least O(|V’]), and to read the
conflicting E’ is O(|E’|). Therefore, it is an asymptotically
optimal algorithm.

In the following demonstrations, we will prove that M is
the optimal solution with the minimum m. Obviously, this
solution is legal because no two elements in p; are connected
according to line 5-9 in Algorithm 1. Every batches pg of
nodes have no in-edge, so that Vn;,n; € pk,e’ij g E'. On
the other hand, while no edges are inside one stage py, there
must exist edges between two consecutive stages pi and py+1,
which is Theorem 1.

THEOREM 1. Vn, € pi4+1, In, € pi, such that e/, € E'.

Proof. (Proof by contradiction.) Suppose #n,, € pj with e/,

and it means that n, € pr4+1 has a zero in-degree while we
process pg. Thus, n, will be lifted into pj instead of pjy1.
This contradicts 1, € pg+1. O

When we can find a path from vertex a to vertex b, we
denote a — b. From Theorem 1, we induce a corollary, which
is obvious:

COROLLARY 1. In any solution P = (p1,pa, ..., pm) given
by Algorithm 1, there exists a path ny, — nyg,, of length m,
consisting of the vertices {ny,,ng,,...ng,, } with ng, € p;.

THEOREM 2. The number of stages m in M calculated from
Algorithm 1 is minimum.

Proof. (Proof by contradiction.) Suppose there exists a better
solution M’ = {p},ph, ps, ..., 0., } with m' < m.

From Corollary 1, we have already found a path ny, — ny,
with vertices {n,, gy, Nks, - - - Nk, + in the solution M. For
any element nj on this path, we denote p; (k) A8 the stage that it
belongs to in the better solution M’. According to Observation
1 and 2, we have q(k1) < q(k2) < ... < q(kn,). By Pigeonhole
principle, since m’ < m, there exist two elements ny, and
ng, such that g(ng,) = g(ng,). It contradicts the previous
inequality. O

B. Parallel Routing Exploration

1) Dynamic Parallel Model: To fully exploit the multi-core
processor, parallel routing in dynamic fashion is expected to
provide a greater degree of parallelism, where the parallel
routing of multiple independent nets can utilize multiple
processor cores at the same time.

We consider the same stage of nets S = {s1,$2,...,54}
to be scheduled to a multi-core processor system C =
{c1,¢2,...,¢} for dynamic parallel routing, where a is the
number of independent nets in the stage and b is the total
number of available processor cores. Given a net s;, we have
(ri,d;), where r; is the worst-case CPU time to route a net
s; and d; is the CPU time range' to route the net s;. As our
parallel router has the iterative feature, we are encouraged to
select the routing time of previous iteration to represent the

'We define that the time range is equal to the deadline of routing a net on
a processor core.
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Fig. 1. The independent nets are partitioned and scheduled to multiple
processor cores for dynamic parallel routing.

routing time of current iteration for each net. Thus we can
calculate the worst-case execution time including a start time
and an end time to route a net. Then we calculate time range
(deadline) to route a net on a processor core when performing
the parallel routing on a multi-core processor system.

According to these values above, the utilization to route a
net s; on a processor core can be calculated by k; = r;/d,;.
Thus the total utilization of the stage S on multi-core system
can be calculated by K;,; = Z?Zl k;. Note that the total
utilization must be smaller than the number of processor cores
(K,0¢ < b) to obtain a feasible scheduling solution® for all the
independent nets on multi-core processor systems.

In addition, the nets assigned to a processor core c; is
denoted by P; and given a net to the assignment of processor
core, the utilization of processor core c; is represented by
K;, = ZscePi ke (1 < e < a). A net is considered to be
schedulable for multi-core processor if all of its instances
finish no smaller than their time deadlines to route a net.

2) Quantifiable Load Balance: Load balance is to provide
great speedup for parallel routing on multi-core processor
systems. The goal of load balance is to evenly assign the nets
so that every core has the same amount of nets. By balancing
the nets between cores, computing resources provided by
multi-core systems can be used efficiently.

We quantify the load balance between processor cores by
using the coefficient of variation, which is defined as the ratio
of the standard deviation of the workload between the proces-
sor cores to the average workload. The imbalanced measure
can describe the deviation of the current load balance scheme
with regard to a perfect balance. Note that a perfect balance
indicates a perfectly uniform distribution. The standard de-
viation of an assignment is denoted by o = %\/(K,- — )2,
where p = Zi’:l K;/b and it means the utilization value of
core. Note that a higher value of load imbalance indicates a
lower effective load balance scheme. In parallel routing, load
balance is always used to guide the assignment of multiple
nets towards multi-core processor systems.

3) Load Balanced Dynamic Parallel Routing: Fig. 1 shows
the independent nets of the same stage are scheduled to
multi-core processor system for dynamic parallel routing. This
dynamic parallel approach consists of two steps: partitioning
and scheduling. In partitioning, each net is assigned to a
processor core where the net is able to satisfy its deadline

2Nets are referred to be schedulable if they are scheduled to be routed on
a processor core while satisfying their deadline constraints.
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to complete the net routing. In scheduling, the assigned nets
are scheduled within the time line of each processor core. Note
that partitioning occurs before parallel runtime and schedul-
ing occurs during parallel runtime. The per-core scheduling
algorithm adopts the earlier deadline first arithmetic (EDF) by
default and here we study the partitioning of multiple nets.

Given a schedulability test in a multi-core processor system,
our partitioning problem is to assign the nets to multiple
cores and this is a variation of the bin packing problem
which is NP-complete. There are several heuristic algorithms
to solve this problem such as next-fit, first-fit, best-fit, and
worst-fit. In general, first-fit has good schedulability but poor
load balance between multiple processor cores, while worst-
fit has good load balance but relatively poor schedulability
when comparing to first-fit. We propose a new partitioning
approach that not only provides a good schedulability but also
maintains a good load balance when performing the parallel
routing of independent nets between processor cores in multi-
core parallel system.

The proposed approach, named load balancing-aware par-
titioning (LBAP), is implemented in the partitioning step of
Fig. 1. And the LBAP consists of three critical steps:

1) Sorting: Given a stage, all the independent nets need to

be sorted in a order of decreasing utilization.

2) Partitioning: With this sorted order for independent nets,
each net is assigned to the first processor core where it
can be routed on the processor core while satisfying the
constraints of all deadlines.

3) Repartitioning: Using the order of increasing utilization
to sort the nets, each net is reassigned into a processor
core with the minimum utilization.

The repartitioning step begins only when a feasible scheduling
solution can be generated in the partitioning step. Moreover,
the repartitioning step has a load balance test and repartitioning
needs to continue until further reassignment cannot implement
an improvement in terms of load balance. Note that at the
repartitioning step, it is unnecessary to re-test the schedula-
bility for each net routing. This is because a new scheduling
solution generated by the repartitioning step is feasible.

In partitioning step, we adopt first-fit decreasing utilization
(FFDU) to obtain good schedulability. Employing FFDU to
finish a single net routing will not miss deadline at each core
and this is a basic requirement in multi-core parallel system.
If FFDU does not generate a feasible scheduling solution for
the given stage of independent nets, it returns a value used to
indicate the partitioning of independent nets is failed. Further
we also cannot perform the repartitioning step.

In repartitioning step, we adopt worst-fit increasing uti-
lization (WFIU) to obtain good load balance. Note that the
nets are reassigned in order of increasing utilization and this
is in contrast to the partitioning step. This order is used
to maintain a feasible scheduling solution without retesting
the schedulability, although a new solution generated by
repartitioning may be different from the scheduling solution
generated by FFDU. Moreover, using the WFIU only may
have weaker schedulability and load balance when comparing
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Fig. 2. The overall design of our parallel router.

to worst-fit decreasing utilization (WFDU) that has good
load balance. But in this work, WFIU is based on FFDU
assignment and as a repartitioning approach and thus, it can
provide good schedulability and load balance and reduce the
overheads of retesting the schedulability. The repartitioning
stops when there is no additional net reassignment to improve
load balance.

C. The Overall Design of Parallel Router

Our parallel router adopts the negotiation-based rip-up and
re-route iterative engine [2] to progressively eliminate the
resource congestions between different nets until finding a
feasible routing solution. The overall design of our parallel
router is shown in Fig. 2 and note that scheduling and
parallelization are imposed in each iteration. In scheduling,
we are based on inherent net order to schedule all nets to
several stages so that the same stage has the non-conflicting
(independent) nets and the conflicting (dependent) nets are
distributed in different stages. The details of scheduling will be
revealed in Section III-A. In parallelization, we perform load
balance-aware dynamic parallel routing for each stage which
consists of independent nets, and perform the synchronization
between different stages using MPI-based message queue on a
multi-core processor system. The implementation details will
be described in Section III-B.

IV. EVALUATION

We integrate the proposed parallel router into the commonly
used VIR 7.0 CAD flow [12]. We use the large VTR 7.0
benchmarks to evaluate the effectiveness of our parallel router.
We evaluate the experiments on Linux servers, each of which
has a 8-core Intel Xeon processor with 2.2GHz and 32GB
memory. We run our parallel router using 2, 4, 8, 16 and
32 cores, and use two nodes to provide 16 cores and use
four nodes to provide 32 cores. Notably, most of the previous
works also chooses the VPR 7.0 router as the baseline for
comparisons. Moreover, this academic VPR 7.0 router is faster
than commercial router [13].

To demonstrate the effectiveness of our proposed parallel
router, we implement two static parallel routers, StPaRo and
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Fig. 4. Speedups of SE-StPaRo with 2, 4, 8, 16, and 32 processor cores.

SE-StPaRo. StPaRo is a static parallel router while SE-StPaRo
is a serial-equivalent static [Erallel router, both of which
are also performed on multi-core processors. The proposed
serial-equivalent multi-core parallel router is dynamic and it
is denoted by SE-DyPaRo.

In StPaRo, all of the nets are partitioned into subsets, each
of which is assigned to its own processor core for parallel
routing. Note that the number of subsets are equal to the
number of processor cores. Each processor core routes a net
and then synchronizes with other processor core using MPI-
based message queue and then routes the next net, and so
on, until completing the parallel routing. In SE-StPaRo, we
first adopt conflict-aware scheduling algorithm mentioned in
Section III-A to generate a series of stages and each stage has
the independent nets. We then perform the parallel routing
of independent nets using the same approach as the StPaRo.
Note that in StPaRo and SE-StPaRo, we do not consider the
multi-core processor scheduling problem, thus both of them
are static parallel routers.

A. Experimental Results

Fig. 3 shows the speedups of StPaRo with the various
number of processor cores. On average, StPaRo has about
1.22x, 1.86x, 3.23x, 5.08%, and 6.49x speedups using 2,
4, 8, 16, and 32 processor cores, respectively. These results
denote that StPaRo is practicable multi-core parallel approach
to accelerate the routing time. Please note that since all the
nets are not scheduled to independent and dependent nets,
when parallelizing the multi-net routing, StPaRo frequently
performs synchronization to avoid to the congestions. Since
synchronization overhead is very expensive, StPaRo cannot

provide a high degree of parallelism and its scalable speedup
is very low. Moreover, without conflict-aware scheduling,
StPaRo does not have the serial equivalency and thus, it cannot
provide the same result as the serial router.

Fig. 4 shows the speedups of SE-StPaRo. On average,
speedups of 1.56x, 2.83x, 5.31x, 9.26x, and 16.58x are
achieved using 2, 4, 8, 16, and 32 cores, respectively. This
denotes that SE-StPaRo is a more feasible parallel routing
approach and it is faster than StPaRo in terms of achieved
speedups. SE-StPaRo exploits conflict-aware scheduling to
enable all of the nets to be scheduled to several stages. In
SE-StPaRo, the independent nets are scheduled to the same
stage and the dependent nets are scheduled to the different
stages. Thus SE-StPaRo performs the parallel routing in same
stage and performs the serial processing for different stages
due to that there is a dependent behaviour between different
stages. Therefore, SE-StPaRo enables the independent nets to
be routed in parallel and minimizes the number of stages
to reduce the expensive synchronization overheads between
cores. Benefiting from conflict-aware scheduling, the speedup
of SE-StPaRo is improved significantly. Further SE-StPaRo
has serial equivalency and generates exactly the same results
as the serial router.

Fig. 5 shows the speedups of SE-DyPaRo. As there is a
dependent behavior, synchronization between stages is used to
ensure a feasible solution. It is difficult to optimize synchro-
nization overheads under the constraints of convergency and
serial equivalency. Thus, we consider parallel optimization and
explore dynamic parallel routing for independent nets. Ben-
efiting from dynamic parallel routing, SE-DyPaRo provides
about 1.75x, 3.48x, 6.39x, 11.20x, and 19.13x speedups
on average using 2, 4, 8, 16, and 32 cores, respectively.
In terms of 32 cores, there are about 1.13x and 2.95x
speedup improvements over SE-StPaRo and StPaRo, respec-
tively. These improvements come from the implementation of
dynamic parallel routing for independent nets. Therefore we
conclude that SE-DyPaRo has the ability to expose a higher
degree of parallelism than the above approaches. In addition,
SE-DyPaRo also has serial equivalency generating exactly the
same results as the serial router.

Table I shows the impacts of StPaRo, SE-StPaRo, and SE-
DyPaRo on the total routed wirelength. There is no difference
between serial router, SE-StPaRo, and SE-DyPaRo for all
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TABLE 1
SUMMARY OF QUALITIES BETWEEN STPARO, SE-STPARO, AND SE-DYPARO ACROSS TEN LARGE BENCHMARKS (X105).

Summary Wirelength Impacts on the total routed wirelength.
Name VPR Router StPaRo SE-StPaRo Our Parallel Router SE-DyPaRo
Circuit Baseline 2-core  4-core 8-core 16-core 32-core | 2-core 4-core 8-core l6-core 32-core | 2-core 4-core 8-core 16-core 32-core
blob_mer. 1.199 1.201 1.203 1.205 1.212 1.227 1.199 1.199 1.199 1.199 1.199 1.199 1.199 1.199 1.199 1.199
mkSMAd. 1.085 1.086  1.089  1.092 1.098 1.109 1.085 1.085  1.085 1.085 1.085 1.085 1.085  1.085 1.085 1.085
mkPKtM. 1.099 1.102 1.106 1.108 1.115 1.128 1.099 1.099 1.099 1.099 1.099 1.099 1.099 1.099 1.099 1.099
or1200 1.338 1342 1.345  1.346 1.354 1.375 1.338  1.338  1.338 1.338 1.338 1.338  1.338  1.338 1.338 1.338
stereov.0 1.158 1.161 1.164  1.167 1.173 1.188 1.158 1.158 1.158 1.158 1.158 1.158 1.158 1.158 1.158 1.158
stereov. | 1.998 2.001  2.007  2.009 2.016 2.045 1.998  1.998  1.998 1.998 1.998 1.998  1.998  1.998 1.998 1.998
LUSPEE. 4.265 4271 4278 4.286 4315 4.387 4265 4265 4.265 4.265 4.265 4265 4265 4.265 4.265 4.265
bgm 1.520 1.524 1.529 1.531 1.542 1.551 1.520 1.520 1.520 1.520 1.520 1.520 1.520 1.520 1.520 1.520
stereov.2 7.028 7.044  7.060  7.081 7.137 7.241 7.028  7.028  7.028 7.028 7.028 7.028  7.028  7.028 7.028 7.028
mcml 15.42 15.46 15.51 15.54 15.63 15.84 15.42 15.42 15.42 15.42 15.42 15.42 15.42 15.42 15.42 15.42
Average 1.000 1.002  1.005  1.007 1.013 1.025 1.000  1.000  1.000 1.000 1.000 1.000  1.000  1.000 1.000 1.000
30 B bascline W S-core and total wirelength. ParaDRo achieves about 5.4x speedup
25 B 2-core W 16-core on average using 8 processor cores with about 8% degradation

B 32-core

B 4-core

Speedup

Fig. 6. The scalable speedups of our SE-DyPaRo parallel router when routing
the heterogeneous Titan designs using 2, 4, 8, 16 and 32 processor cores.

circuit designs. This is because these two parallel routers
schedule all the nets into a series of different stages according
to the original net order of serial router. They enable the
independent nets to be located in same stage and the de-
pendent nets to be distributed in different stages. The former
encourages us to perform the parallel routing in same stage
due to that there is no dependent behaviour between nets.
The latter enlightens us to perform the serial processing for
different stages due to that there exists a dependent behaviour
between different stages. These guarantee that they have serial
equivalency which generates the identical results as the serial
router.

Fig. 6 shows the scalable speedups of the SE-DyPaRo
parallel router when routing the ten heterogeneous Titan
designs using 2, 4, 8, 16 and 32 processor cores. When adding
the number of processor cores, SE-DyPaRo still has a good
speedup to route the heterogeneous designs. Note that with the
increasing size of application designs, SE-DyPaRo has also
the ability to continue to provide a significant speedup. It is
obvious that our SE-DyPaRo has the potential to route the
very-large-scale application design to provide a good speedup
when adding the number of processor cores. In terms of
using 32 processor cores, our SE-DyPaRo can achieve about
15x ~ 25x speedups. Thus we believe that SE-DyPaRo has
the ability to provide the highly-scalable parallel routing for
very-large-scale and heterogeneous FPGA designs.

At last, we compare SE-DyPaRo with the state-of-the-art
parallel router ParaDRo [6] in terms of maximum speedup
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on total wirelength comparing to the serial VPR 7.0 router.
In addition, ParaDRo does not have serial equivalency and it
satisfies serial equivalency at the cost of achieved speedup.

V. CONCLUSION

Serial equivalency enables easier regression testing and
customer support in production-grade parallel EDA tools. In
this paper, we propose a serial-equivalent multi-core parallel
router for FPGAs. It is the first work to study serial-equivalent
parallel routing for FPGAs.
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