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Abstract—As the scale of VLSI circuits increases rapidly, multi-
FPGA prototyping systems have been widely used for logic
verification. Due to the limited number of connections between
FPGAs, however, the routability of prototyping systems is a
bottleneck. As a consequence, timing division multiplexing (TDM)
technique has been proposed to improve the usability of prototyp-
ing systems, but it causes a dramatic increase in system delay. In
this paper, we propose ALIFRouter, a practical architecture-level
inter-FPGA router, to improve the chip performance by reducing
the corresponding system delay. ALIFRouter consists of three
major stages, including i) routing topology generation, ii) TDM
ratio assignment, and iii) system delay optimization. Additionally,
a multi-thread parallelization method is integrated into the three
stages to improve the efficiency of ALIFRouter. With the proposed
algorithm, major performance indicators of multi-FPGA systems
such as signal multiplexing ratio can be improved significantly.

I. INTRODUCTION

With the development of technology node, logic verification
has become a very time-consuming step. In the SoC design
process, it is estimated that 60-80% of an ASIC design time
is spent in performing verification [1]. Since the FPGA proto-
typing approach can achieve a good trade-off between runtime
and cost, it is widely used in industry to make logic verification
cheaper and faster. For a prototyping system, it is difficult to
be realized by one FPGA [2]. Therefore, many FPGAs are
connected together to construct a complete system. Since the
number of inter-FPGA signals usually exceeds the number of
1/O pins, a timing division multiplexing (TDM) technique was
proposed to transmit different signals in one wire at different
time [3]. However, the inter-FPGA delay increases due to signal
multiplexing. The signal multiplexing ratio known as TDM
ratio can be used to measure the system delay.

TDM ratio is usually determined after inter-FPGA routing
in the whole design flow [4]. There are some works about the
design of FPGA prototyping systems. The work [5] proposed
a method to optimize partitioning and TDM at the same time.
However, its optimization target is not the TDM ratio. The
works [6]—[8] proposed some ILP-based routing algorithms to
optimize TDM. Nevertheless, the TDM ratio of these works
is usually an arbitrary integer, which is not practical [9]. The
works [10], [11] proposed more practical ILP-based algorithms
for TDM ratio assignment after inter-FPGA routing. However,
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it is difficult for those algorithms proposed by the works [6]—
[8], [10], [11] to obtain good solutions with appropriate runtime
because of the much larger scale of FPGA systems.

The problem solved in this work is a more complicated and
more practical problem in which the TDM ratio constraints and
the net groups are given according to design purpose. The target
of the problem is to optimize routability and TDM ratio at the
same time for the inter-FPGA routing stage. In this paper, we
propose ALIFRouter, a practical architecture-level inter-FPGA
router, to optimize routability and TDM ratio simultaneously.
Compared with MSFRoute [12], ALIFRouter can obtain better
optimization results of TDM ratio and faster runtime. The major
contributions are shown below:

¢ A Dijkstra-based routing algorithm for inter-FPGA routing

is used to route all nets for the routability optimization.

o A simplified TDM ratio assignment algorithm is proposed

to assign TDM ratio for each edge. Furthermore, an
optimization algorithm for system delay is proposed to
reduce the maximum TDM ratio of net groups. The TDM
ratio can be effectively optimized by this algorithm.

o A multi-thread parallelization method is integrated into the

overall flow to further improve the efficiency.

o Compared with the state-of-the-art inter-FPGA router,

ALIFRouter can reduce TDM ratio by up to 11.61% with
a 1.97X speedup on average.

II. PROBLEM FORMULATION

Timing division multiplexing (TDM) technique is used to
solve the lack of routing channels such that many signals can
be transmitted in one channel at different time. However, the
side-effect of TDM is the increase of system delay. TDM ratio
related to the system clock frequency can become an indicator
to measure system delay. For the routing graph of a system,
the TDM ratio of edge e is shown below:
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where D(e), Cap(e) and T'r(e) represent the demand of e, the
capacity of e, and the TDM ratio of e, respectively. In practice,

the capacity of each edge is fixed to be 1 for multiplexing
hardware implementation.
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Algorithm 1 Routing Topology Generation Algorithm

(a) Graph.

(b) Routing. (c) Solution.

Fig. 1: Illustration of the problem.

The inter-FPGA routing problem based on TDM was defined
by the 2019 ICCAD contest [13]. We will introduce this prob-
lem by an example shown in Fig. 1. This problem is modeled
by a graph. The graph includes a set of FPGAs represented
by F and a set of FPGA connection pairs represented by P.
Furthermore, a set of nets represented by N and a set of net
groups represented by NG are defined, respectively. Net groups
are defined due to the design purpose. For example, the nets
with similar attributes or same power consumption would be
in the same net group. The objective is to route all nets and
assign TDM ratio for each net to minimize the maximum TDM
ratio for net groups. In Fig. 1, different nets are highlighted by
different colors. f; represents the i-th FPGA and py represents
the k-th FPGA connection pair. e; ;. represents the edge of net
n; using py. To analyze the system delay, each edge e; ; should
be assigned a TDM ratio etr; . The TDM ratio constraints of
a FPGA connection pair are shown below:

1
<1 )
etrj i

ej rEeply

where epl;, represents the set of edges using pi. The value
of etr;j; must be an even integer greater than zero due to
multiplexing hardwire implementation. Fig. 1(c) illustrates the
TDM ratio assignment for each edge. For p;, the TDM ratio
of e11, e31 and e5q is 2, 4 and 6, respectively. Due to
1/2+1/441/6 < 1, py satisfies the TDM ratio constraints.
The TDM ratio of a net is the sum of the TDM ratio of all its
edges. The TDM ratio of a net group is the sum of the TDM
ratio of all its nets. Since the system clock is determined by the
maximum TDM ratio of net groups, the optimization objective
of this problem is to minimize the TDM ratio of net groups as
shown below:

Minimize : ngmtr = {x|z = max (ngtry,--- ,ngtry)} (3)

where ngtr;, a and ngmir represent the TDM ratio of net
group ng;, the number of net groups and the maximum TDM
ratio of net groups, respectively.

III. THE PROPOSED FRAMEWORK OF ALIFROUTER

ALIFRouter can be divided into three stages: the routing
topology generation stage, the TDM ratio assignment stage,
and the system delay optimization stage.

1) Routing Topology Generation:
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Input: global routing graph G, net set N, FPGA set F'
1: Sort N according to two metrics

2: Initialize G

3: for each net n; in N do

4 Select an FPGA fs from Fy,

5: Vi fs

6: U+ F—fs

7: E+ 0o

8 g+ G

9: while F,, # @ do

10: Find shortest paths from V' to U by g
11: Select f; with the minimum cost
12: V< V4+F,

13: U+U-F,

14: E <+ Ep

15: Update g

16: end while
17: Record E
18: Update G
19: end for

The routing topology generation stage is the first stage to
obtain the routing tree of each net. The FPGAs of each net are
connected together. Since Dijkstra algorithm can be effectively
used to construct a Steiner tree like the work [14], a Dijkstra-
based routing algorithm for inter-FPGA routing is used to route
all nets. The pseudo code is shown in Algorithm 1.

At first, nets are sorted by two metrics (line 1). The net of
the net group with more nets has higher priority. For the nets
belonging to the same net group, the net with more FPGAs has
higher priority. Then the routing graph is initialized (line 2).
Based on the graph, the cost of each FPGA connection pair is
assigned to be 1. Finally, nets are routed iteratively (lines 3-19).
For each net, we use an effective Dijkstra-based Steiner tree
algorithm to obtain the topology. In Algorithm 1, F;, represents
the set of the target FPGAs that must be connected to net n;.
g represents the routing graph used to route the current net. V'
represents the FPGAs which belong to the Steiner tree, and U
represents the rest FPGAs in F. E represents the edges of the
net. fs is the first FPGA which is selected from F},. During
constructing a Steiner tree, all data is initialized at first (lines
4-8). Then the shortest paths from V to each target FPGA are
found by Dijkstra algorithm (lines 9-16). For each shortest path
from V' to a target FPGA, all shortest paths are found from V'
to U by Dijkstra algorithm (line 10). Then, we find FPGA
fi with the shortest path length from V' to f; compared with
other FPGAs of F), (line 11). Next, V' and U are updated by
F, which are the FPGAs of the path from V to f; (lines 12-
13). E is updated by F,, which are the edges of the path from
V to f; (line 14). Finally, based on the shortest path from V'
to f;, the routing graph is updated (line 15). The costs of the
edges of the path from V' to f; are all set to be 0. When all
target FPGAs are routed, a Steiner tree is constructed, and £
is recorded (line 17). Based on E, G is updated (line 18). The
cost of each FPGA connection pair used by the Steiner tree
adds 1 in each iteration.

2) TDM Ratio Assignment:
TDM ratio assignment stage assigns TDM ratio for each edge
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of a net topology. In this stage, the procedure of the work [12]
is simplified to make ALIFRouter more efficient.

For each edge, the TDM ratio is calculated based on the edge
number of its net groups considering the TDM ratio constraints.
Therefore, the assignment of TDM ratio can be efficiently dealt
by processing FPGA connection pairs one by one based on the
edge number of net groups. A method to compute edge ratio is
proposed for the edges belonging to the same FPGA connection
pair. The edge ratio of e; . in p; is shown below:
ngmec; i

petj g = 5 4)

ngmeco |
o,k Eeply
where ngmec; ;, represents the maximum edge number of the
net groups which include e; j. pct; . is the edge ratio of e; .
Due to the definition of edge ratio, etr; j is shown below:
1
pct;

At the beginning, for each edge e; of each FPGA con-
nection pair py, the maximum edge number of the net groups
which include e; j, is calculated. It is the basis of the calculation
of the edge ratio. Then TDM ratio is assigned for each FPGA
connection pair. For each FPGA connection pair, the first step
is to calculate the edge ratio of each edge according to Eq. (4).
Then the TDM ratio of each edge is assigned according to Eq.
(5). Experimental results show that the TDM ratio assignment
stage of ALIFRouter is efficient and effective.

3) System Delay Optimization:

In the TDM ratio assignment stage, initial TDM ratio cal-
culated by a rough method is assigned. Therefore, the initial
assignment solution should be optimized to reduce the maxi-
mum TDM ratio of net groups. An optimization algorithm for
system delay is proposed in this section.

The pseudo code of the proposed optimization algorithm for
system delay is shown in Algorithm 2. This algorithm includes
two steps. The first step is the reduction step (lines 1-7). In
this step, the TDM ratio of the edges of the net groups with
larger TDM ratio should be reduced. However, the TDM ratio
of the edges of the net groups with smaller TDM ratio should
be added. The second step is the legalization step (lines 8-
15). After the reduction step, some FPGA connection pairs
may violate the TDM ratio constraints. Therefore, these FPGA
connection pairs should be legalized in this step.

The first step is processed for each net because the reduction
of the former nets may influence the later nets. Nets are sorted
by the maximum TDM ratio of its net groups from large to
small (line 1). In this order, it is flexible for the net groups
with larger TDM ratio to be optimized. For each edge e; x, its
TDM ratio etr; , is updated by the following equation (line 4):

®)

etrjr =

/ staratio x etr;
etr; . = hdadhaibada Rl M 6)
’ mng;
where etr;- i 1s the new TDM ratio and staratio is the opti-
mization target which can be defined by users. mng; represents
the maximum TDM ratio of the net groups including net n;.

1572

Algorithm 2 Optimization Algorithm for System Delay

Input: net set N
1: Sort N by the TDM ratio of the net groups of each net
2: for each net n; in N do

3 for each edge e ;. of n; do

4 Update etr; j

5 end for

6:  Update ngl;

7: end for

8: for each FPGA connection pair py in P do
9 if pj. satisfies the constraint then
10: Update old eply,

I1:  else

12: Update added e; .

13: Legalize reduced e;

14: end if

15: end for

After the reduction of the TDM ratio of net n;, the TDM ratio
of each net group of ngl; (the net groups including n;) should
be updated to make the later reduction better (line 6).

The second step is processed for each FPGA connection
pair, because the TDM ratio constraints are defined for FPGA
connection pairs. After the reduction step, if FPGA connection
pair p;, satisfies the TDM ratio constraints, TDM ratio etr;
of edge e, is changed by new TDM ratio etr;v,c (line 10).
However, if pi cannot satisfy the TDM ratio constraints, edge
€;,x whose TDM ratio is added can directly use new TDM ratio
etr;-’k (line 12). But edge ej;, whose TDM ratio is reduced
should be legalized by the following equation (line 13):

" etr;- p X rec X (rec+ ad)
etr; ;. = :
b 1—ad

)

where rec is the sum of the reciprocals of reduced etr}y  and
ad is the sum of the reciprocals of added etr;v_’ -
4) Multi-Thread Parallelization:

In the routing topology generation stage, the routing of
each net can be parallelized. However, the eighteenth line of
Algorithm 1 should be locked to avoid the resource conflict of
different nets. In the TDM ratio assignment stage, the process-
ing of FPGA connection pairs is completely parallelized. In
the system delay optimization stage, the reduction step can be
parallelized for each net. However, the sixth line of Algorithm
2 should be locked to avoid the resource conflict of different
nets. The legalization step can be completely parallelized.

IV. EXPERIMENTAL RESULTS

The algorithm of this work is implemented in C++ language
on a Linux server. The benchmarks including nine designs are
released by the 2019 ICCAD contest [13].

We compare ALIFRouter with a state-of-the-art inter-FPGA
router, named MSFRoute [12], as shown in Table 1. “AVG”
represents the arithmetic average ratios based on our results.
The data of ALIFRouter and MSFRoute shown in Table I
is obtained from the programs running with eight threads in
the same environment. Compared with MSFRoute, ALIFRouter
can reduce TDM ratio by up to 11.61% with an average reduc-
tion rate of 3.20%. Since the values of TDM ratio are very large,
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TABLE I: Comparison with MSFRoute about runtime and TABLE II: Comparison with the top-3 ICCAD contest winners

TDM ratio (x10%)

about TDM ratio (x103)

Design ‘ MSFRoute [12] ‘ Ours ‘ Design ‘ A ‘ B ‘ C ‘ Ours ‘
| TDM Ratio [ Time (s) | TDM Ratio [ Time (s) | | TDM Ratio [ TDM Ratio | TDM Ratio | TDM Ratio |
ST 39 863 38 323 ST 33 40 40 38
S2 32097 20.51 31713 6.33 S2 31740 32094 32007 31713
S3 129396 193.28 127519 91.15 S3 127589 129290 128206 127519
S4 7301 963.00 6453 353.73 S4 6396 6335 7049 6453
S5 5370 1195.36 4749 724.46 S5 4663 4613 5190 4749
S6 15759857 1360.90 15747863 1780.43 S6 15749497 15759303 15751029 15747863
H1 409654 38.43 408855 14.92 HI1 408871 409891 409300 408855
H2 45947775 1058.37 45940000 501.14 H2 45941183 45952595 45942030 45940000
H3 4871917 1056.78 4865697 2066.20 H3 4865352 4872933 4867326 4865697
[ AVG ] 1.04 [ 1.97 [ 1.00 [ 1.00 | [ AVG ] 1.78 [ 3.11 [ 3.33 [ 1.56 |

these reduction rates show that ALIFRouter can effectively
reduce system delay. Furthermore, for each benchmark, the
results of ALIFRouter are better than those of MSFRoute.
Compared with MSFRoute, ALIFRouter can achieve up to
3.24X speedup with a 1.97X speedup on average. Therefore,
ALIFRouter can efficiently reduce runtime.

The experimental results shown in Table I are obtained from
the program with eight threads. Compared with the program
processed by one thread, the program processed by eight
threads can achieve up to 5.75X speedup with a 3.79X speedup
on average. The multi-thread method can achieve 3.52X, 4.21X
and 4.34X speedup by using 8, 16 and 24 CPUs, respectively.

We compare ALIFRouter with the top-3 winners at the 2019
ICCAD contest. We rank all routers to make experimental
comparison more visible. Firstly, we rank the maximum TDM
ratio of net groups of each benchmark between the top-3 teams.
Then we calculate the average rank of all benchmarks of each
team and sort them from small to large. According to this order,
these three teams are A, B and C, respectively. Finally, we rank
the top-3 routers and ALIFRouter together.

As shown in Table II, ALIFRouter achieves the best average
rank which means it achieves the best solution quality in terms
of system delay compared with the top-3 winners. “AVG” rep-
resents the arithmetic average ranks. Furthermore, ALIFRouter
achieves the best optimization solutions of TDM ratio of most
benchmarks. In conclusion, ALIFRouter is effective. Since the
binary codes of the top-3 winners are not available, the runtime
of different routers cannot be obtained. Therefore, the runtime
comparison cannot be shown.

V. CONCLUSION

We propose ALIFRouter, a practical architecture-level inter-
FPGA router including routing topology generation, TDM ratio
assignment, and system delay optimization. Due to the effective
optimization of TDM ratio, the system delay of prototyping
systems can be effectively reduced. Compared with the top-
3 ICCAD contest winners, ALIFRouter can achieve better
solutions. Compared with MSFRoute, ALIFRouter can reduce
TDM ratio by up to 11.61% with a 1.97X speedup on average.
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