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ABSTRACT

In this paper, we propose a high-performance droplet router
for digital microfluidic biochip (DMFB) design. Due to re-
cent advancements in bio-MEMS, the design complexity and
the scale of a DMFB are expected to explode in near fu-
ture, thus requiring strong support from CAD as in con-
ventional VVLSI design. Among multiple design stages of a
DMFB, droplet routing which schedules the movement of
each droplet in a time-multiplexed manner is a critical chal-
lenge due to high complexity as well as large impacts on per-
formance. Our algorithm first routes a droplet with higher
bypassibility which less likely blocks the movement of the
others. When multiple droplets form a deadlock, our algo-
rithm resolves it by backing o [Csdme droplets for concession.
A final compaction step further enhances timing as well as
fault-tolerance by tuning each droplet movement greedily.
Experimental results on hard benchmarks show that our al-
gorithm achieves over 35x and 20x better routability with
comparable timing and fault-tolerance than the popular pri-
oritized A* search [2] and the state-of-the-art network-flow
based algorithm [18], respectively.
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Algorithms, Design, Performance
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1. INTRODUCTION

One of the most advanced technologies to build a biochip
is based on microfluidics where micro/nano-liter droplets are
controlled or manipulated to perform intended biochemi-
cal operations on a miniatured lab, so called lab-on-a-chip
(LOC) [9]. The old generation of microfluidic biochip con-
sists of several micrometer scale components including chan-
nels, valves, actuators, sensors, pumps, and so on. Even
though this generation shows successful applications like
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DNA probing, it is unsuitable to build a large and com-
plex biochip, because it uses continuous liquid flows, as like
continues voltages in analog VLSI design (See Section 2.1 for
more details). The new generation of microfluidic biochip
has been proposed based on a recent technology breakthrough
where the continuous liquid flow is sliced or digitized into
droplets. Such droplets are manipulated independently by
an electric field. This new generation is referred to as a
digital microfluidic biochip (DMFB).

Due to such a digital nature of a DMFB, any operation on
droplets can be accomplished with a set of library operations
like VLSI standard library, controlling a droplet by applying
a sequence of preprogrammed electric signals. Therefore, a
hierarchical cell-based design methodology can be applied to
a DMFB. Under this circumstance, we can easily envision
that a large scale complex DMFB can be designed as done
in VLSI, once strong CAD frameworks are ready.

However, CAD research for DMFB design has started
very recently. In [12], the first top down methodology for a
DMFB is proposed, which mainly consists of architecture-
level synthesis and geometry-level synthesis. Geometry-level
synthesis can be further divided into module placement and
droplet routing. During module placement, the location and
time interval of each module are determined to minimize
chip area or response time. Since dilerent modules can
be on the same spot during dilerknt time intervals based
on reconfigurability (See Section 2.1), module placement is
equivalent to a 3D packing problem [14,17]. Meanwhile, in
droplet routing, the path of each droplet is found to trans-
port it without any unexpected mixture under design re-
guirements. Similarly to module placement, a spot can be
used to transport dilerent droplets during dilerknt time
intervals (simply in a time-multiplexed manner), which in-
creases the complexity of routing. The most critical goal of
droplet routing is routability as in VVLSI [2], while satisfying
timing constraint and maximizing fault-tolerance. More dis-
cussion on prior papers to achieve this goal is in Section 2.2.

In this paper, we propose a high-performance droplet router
for a digital microfluidic biochip (DMFB). Our approach
is mainly based on two ideas, bypassibility and concession.
These two ideas provide higher quality solutions than [2,18].
The major contributions of this paper include the following.

« We propose a simple yet e[edtive metric, bypassibil-
ity to estimate the degradation of routability after
a droplet is routed. This maximizes the number of
routed droplets, and narrows down the problem size
until multiple droplets under a deadlock are identified.

« We introduce the concept of a concession zone where
some droplet may migrate to break a deadlock between
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Figure 1: The schematic view of digital microfluidic
biochips for colorimetric assays [2].

droplets. We route earlier a droplet with longer dis-
tance to any of concession zones, as it is harder to be
routed in a later stage of routing.

= We propose 2D routing for the droplet chosen by by-
passibility analysis to reduce runtime. If only one
droplet chosen by bypassibility is routed while the oth-
ers are frozen, this can be solved in a compact 2D plane
rather than in a huge 3D plane where the third axis
represents time.

= We further propose routing compaction which is per-
formed to meet the multi-objectives like routability,
timing, and fault-tolerance.

The rest of this paper is organized as follows. Section 2
presents preliminaries. Especially, routing problems in a
DMFB and a VLSI circuit are compared in Section 2.2 to
help readers with VLSI background. The droplet routing
in a DMFB is defined in Section 3, and Section 4 presents
our proposed algorithm for DMFB routing. Experimental
results are discussed in Section 5, followed by the conclusion
in Section 6.

2. PRELIMINARIES
2.1 Digital Microfluidic Biochip

The first generation of biochips is based on a continuous-
flow system where liquid flows through microfabricated chan-
nels continuously using electrokinetic-based micro-actuators.
Although a continuous-flow biochip is widely used for sim-
ple yet well-defined biochemical operations, it is inherently
unsuitable for large scale complex biochip design due to the
following reasons: (a) permanently microfabricated channels
limit the reconfigurability for both applications and fault-
tolerance, (b) inevitable shear flow around micro-actuators
and di[udion on channels increase the possibility of sample
contamination.

To overcome the above drawbacks, a digital microfluidic
biochip (DMFB) is devised where liquid is discretized or
digitized into independently controllable droplets ( C1l),
and each droplet is moved or manipulated on a substrate
according to a preprogrammed schedule. Such digitization
and programmability enable to design a large scale and com-
plex DMFB by allowing a hierarchical and cell-based design
methodology as in modern VLSI design. They also provide
reconfigurability for various biochemical applications and
enhanced fault-tolerance. Although there are multiple tech-
nologies to control a droplet [5,7,8, 11], we mainly consider
a electrowetting-on-dielectric (EWOD)-based DMFB [4] in
this paper.

Fig. 1 shows the schematic view of a EWOD-based DMFB.
As shown in Fig. 1 (a), a unit cell consists of two parallel
glass plates which sandwich biochemical droplets. While the

top glass plate has a ground electronode only, the bottom
has a regularly patterned array of individually controllable
electronodes. The EWOD el[edt to drive the droplet oc-
curs when a control voltage is applied to the controllable
electronodes. Therefore, by controlling a voltage to each
electronode in the bottom glass plate with VLSI circuitries,
we can have a fine control over droplet movement. Fig. 1
(b) illustrates the overview of a DMFB. Due to individual
controllability of each electronode (thus, each droplet), we
can manipulate multiple droplets simultaneously and move
them parallelly to anywhere in the chip to perform prepro-
grammed biochemical operations. Therefore, any operation
on droplets can happen anywhere in the chip which provides
the reconfigurability of a DMFB. For example, when multi-
ple droplets perform operations like mixing, they need some
real estate of the chip for fixed amount of time. After the
operation time elapses, these droplets can go to somewhere
else for their next scheduled operations, after releasing the
taken area for the other droplets to perform dilerent oper-
ations such as diluting.

This reconfigurability raises two important physical chal-
lenges: (a) where and when to perform which biochemi-
cal operations, (b) how to move droplets avoiding undesired
mixtures and blockages. The first problem is DMFB place-
ment which is essentially 3D packing [13,17], and the second
problem is droplet routing [2, 15, 16] which will be further
discussed in Section 2.2.

2.2 Routing for Digital Microfluidic Biochip

The goal of droplet routing in a DMFB is to find an e =1

cient schedule for each droplet which transports it from its
source to target locations, while satisfying all constraints.
This sounds similar to VVLSI routing where wires need to be
connected under design rules, but the reconfigurability of a
DMFB makes fundamental di Cerences from VLSI routing in
the following aspects:

< DMFB routing allows multiple droplets to share the
same spot during di [erent time intervals [2,15,18] like
time division multiplexing, while VLSI routing makes
one single wire permanently and exclusively occupy
the routing area.

« DMFB routing allows a droplet to stall/stand-by at a
spot, if needed.

< VLSI routing requires 2D spacing by design rules, but
DMFB routing needs 3D spacing by dynamic/static
fluidic constraints.

A highly equivalent problem to DMFB droplet routing has
been extensively studied in robotics as mobile robot motion
planning, and solved by prioritized A* search [2]. In [1,10],
the mobile robot motion planning is shown to be NP-hard,
and an integer linear programming approach is proposed.
Recent research eladts in DMFB design from VLSI com-
munity attack the problem using various heuristics such as
internet routing protocol (Open Shortest Path First) or pat-
tern selection [6,15]. However, these approaches su [er from
initialization overhead to build either routing tables or to
discover a set of feasible routing patterns. Also, as a DMFB
keeps reconfigured, this overhead occurs repeatedly, involv-
ing large storage overhead. In [18], a novel network-flow
based algorithm with negotiation is proposed for DMFB
droplet routing, showing better performance than [2, 15].
However, the network-flow formulation is significantly bot-
tlenecked by the distribution of blockages. If a width of



Table 1: The notations in this paper.

dj droplet i

Si source location of di = (X3,V;)
Ti target location of di = (X}, y!
AT; arrival time of dj at T;

RE shadowed region of d; at (xI,y!) at time t]
={xy. 0 =xI=1yl—y=1tl-t|<1}

channel between blockages is less than 3 unit cells, the chan-
nel will not be utilized in the network-flow formulation.

3. PROBLEM FORMULATION

In this section, we show a routing model and constraints,
and propose a problem formulation. Since the problem can
be abstracted as transporting each droplet from its source
to target, we cast droplet routing problem into graph search
as done in VLSI routing. In a DMFB, a droplet moves on
a 2D plane toward its target. Hence, finding paths on 2D
graph may be appropriate. However, as resource sharing
in a time-multiplexed fashion is allowed in a DMFB, we
can model it as a 3D graph where z axis is for time, which
enables to optimize geometric paths and temporal schedules
simultaneously. Fig. 2 (a) shows our graph where a droplet
at (x,y, t) can move to one of five nodes at t+1. This graph
is not only directed, but also acyclic due to the causality
of time multiplexing, dilerkntly from the graph in VLSI
routing [3].

Since all the droplets are moving in parallel, there can be
unwanted mixtures if a keep-o [distance/spacing is not ob-
served. This imposes static and dynamic fluidic constraints
in Fig. 2 (b) which requires that there should not be any
other droplets in a cube centered by one droplet. Addi-
tionally, defective or reserved unit cells can be blockages
for routing [14]. Sometimes, droplets may have a required
arrival time to prevent spoilage, which becomes a timing
constraint. Lastly, it is desirable to minimize the number of
unit cells which are used at least once by droplets. Since a
unit cell of a DMFB can be defective due to manufacturing
or environmental issues, using less number of nodes (each
node corresponds to one unit cell) can be beneficial for ro-
bustness. Finally, we can define the problem as follows using
the notations in Table 1:

Given a maximum arrival time RT, for each droplet
di [{dl1,dz,...,dn}, transport d; from S; to T; through
an acyclic graph G = (V, E) with blockages such that
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Figure 2: Graph model and fluidic constraints for
digital microfluidic biochip design.
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Figure 3: Each droplet is routed during diledent
time intervals to reduce A* search complexity.

d; is the only one in R} (t = 0) for any droplet rout-
ing, while satisfying AT; < RT and minimizing the
total number of unit cells in use.

As an e [cienht solution to this NP-hard problem, we pro-
pose a strategy inspired by k-coloring [3], where all the nodes
in a graph should be colored di [erently from their connected
nodes using k colors. They first take o Calnode with less than
k edges from the graph, as it is guaranteed to be colored dif-
ferently from its neighbors (at most k —1 colors will be used
for the neighbor nodes). By removing such nodes repeat-
edly, eventually the graph is reduced to the level where no
node can be removed, which implies a hard part of the prob-
lem is identified. Then, a complex approach can be applied
to attack the hard part which is significantly smaller than
the original graph. We use bypassibility analysis to reduce
the problem size, and concession to solve a hard part of the
problem as in Section 4.

4. ALGORITHM

In this section, we propose our algorithm for droplet rout-
ing in a DMFB. The key ideas behind our approach are:

< If Ti happens to be in a highly sparse region, it may
not be hard for the unrouted droplets to bypass the
blockages induced by routing di, implying high bypas-
sibility of dij. This motivates us to route d; first.

e In case more than two droplets are in a deadlock,
we need to back some droplets o[fio provide other
droplets with free paths. This is done based on the
distances to concession zones which will be explained
in Section 4.2.

« We route each droplet chosen by bypassibility during
di Cerknt time intervals to improve runtime, which ef-
fectively converts 3D routing into 2D routing. As a
result, this approach reduces runtime overhead.

Our overall algorithm is presented in Algorithm 1. First,
we repeat picking a routable droplet with the maximum by-
passibility and making it routed in line 2, which continuously
narrows down the problem size as in Section 4.1. When
no droplet can be routed as in line 3, it means there is a
deadlock between droplets and we find a hard part of the
problem. Hence, we apply an algorithm with concession to
resolve the deadlock in line 4, which is in Section 4.2. Then,
we continue to route based on bypassibility in line 2. As a
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Figure 4: This example describes the proposed droplet routing algorithm. After the first three routings,
(b)-(d) are done by Algorithm 2 (Routing-Bypassibility). Then, no droplet can be routed in a 2D plane due
to a deadlock between d; and d>. Thus, as in Algorithm 1, (e) and (f) are done in a 3D plane by Algorithm 3
(Routing-Concession) to resolve the deadlock. After the resolution, (g) is done in 2D again by Algorithm 2,

followed by the compaction in (h) using Algorithm 4.

Algorithm 1 Overall Algorithm

Require: A set of all droplets D, a routing graph G, a
timing constraint RT
Ensure: Dy « D,Tp « 0,Tc <« O
repeat
Tp = Routing-Bypassibility(Dy, G, max(Ty, Tc))
if Ty is not increased then
T = max(Routing-Concession(Dy, G, Ty), Tc)
end if
6: until No droplet routed
7: Routing-Compaction(Dy, D, G, RT)

1
2
3:
4.
5

final step in line 7, we compact the routing solution greedily
to enhance multiple design objectives as in Section 4.3.

While routing based on bypassibility, we move only one
droplet while freezing the others, which can be done in a
2D plane rather than a 3D plane. Fig. 3 shows an example
of routing three droplets dj, dj, and di. Until routing d;
is completed (until t1), d; and dx are frozen at Sj and Sk
respectively. And, from ty, T; becomes a blockage for d;
and dk. In the same fashion, d; is routed while di is frozen.
In this way, we can find a path in a 2D plane, then map
the path to a 3D plane as shown in Fig. 3. For this, we
need to keep track of the last time when a droplet routing
is completed such as ti, to, and tz in Fig. 3 using T, and T¢
in Algorithm 1.

4.1 Routing by Bypassibility
Once a droplet d; is routed (moved to T;), it stays at
Ti, permanently blocking shadowed regions {R} | t = AT;}.
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(@) A 5x5 window is consid- (b) This example has full by-
ered to evaluate the bypassibility. passibility, as there exist at
Four bypasses are shown right out least one vertical and one hori-
of the shadowed regions. zontal bypasses.

Figure 5: The bypassibility is based on whether
there exist bypasses for the unrouted droplets.

Therefore, if Ti happens to be in a highly congested region,
it can have negative impacts on the rest of unrouted droplets
in terms of bypassibility. In this subsection, we propose a
way to quantify the bypassibility of di, which depends on
whether there will be any bypass for the unrouted droplets
after d; is routed. Fig. 5 (a) shows four possible bypasses
right out of the shadowed region (which is to keep fluidic
constraints), Hup, Hdown, Vieft, and Vrignte Within a 5X5 win-
dow centered by the target location T. Then, depending on
whether these bypasses are blocked or not, we can divide all
the possibilities into three classes based on Table 2:

« Full bypassibility: This allows both horizontal and
vertical bypasses.
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Note that it is not required to have both Hyp and Hgown
unblocked to have horizontal bypassibility, as either bypass
can be shared by multiple droplets in a time-multiplexed
manner (also the same for the vertical case). The example
in Fig. 5 (b) has full bypassibility as (&), in spite of blocked
or shadowed regions (Hup and Vrighe are blocked), as it still
has one vertical and one horizontal bypasses. Therefore, if
a droplet with full bypassibility is routed first, it will not af-

of Fig. 4 (a) where d4, d2, and ds have half (horizon-
tal), full, and no bypassibility, respectively.

Algorithm 3 Routing-Concession

Require: A set of unrouted droplets Dn, a routing graph
G, a routing base time Ty

1. S < sort Dy in desc. order of dist. to concession zone

2: for each d; CSldo

3: A path P ~ 3D min-cost path for d; after Ty + Qi

fect overall chip routability, because the other droplets can stalling

bypass vertically or horizontally in a time-multiplexed man- 4: if P 8 Hhen

ner. 5: Make d; routed with P
As shown in Algorithm 2, we find a routable droplet d; 6: Du « Du\{di}

with the best bypassibility and route it, then update the 7 return AT;+1

routing base time (T,) by returning ATi + 1. The next 8 endif

droplet will stall until T, to accomplish fast 2D routing. If 9: end for

there is a tie in terms of bypassibility, we route a shorter one
first. After d; is routed, we need to dynamically update the
bypassibilities of all the unrouted droplets, as the shadowed
region (which works as blockages) around S; disappears but
new blockages appear around Ti. Note that bypassibility
update can be done incrementally using a bucket list.

Consider the example in Fig. 4 where D = {d1,d2, ...,ds}
are to be routed. While T1, Ts, and Tg are inaccessible due
blockages or shadows by droplets, T2, Tz, and T4 are acces-
sible. To decide the droplet to be routed first, we measure
bypassibilities as in Fig. 6 which shows that T4 has full by-
passibility. After d4 is routed from S, to T4 as in Fig. 4 (b),
we need to update bypassiblities of all the unrouted droplets.
Then, as Te becomes accessible (Sa4 is released), ds turns out
to have full bypassibility. Thus, de is routed after waiting
at Sg until t = 14. In the same fashion, routing ds follows
as shown in Fig. 4 (d).

4.2 Routing with Concession

For a complex DMFB, a naive sequential routing of droplets
can cause failure due to a deadlock between droplets. Con-
sider the situation in Fig. 4 (¢) where dy, d2, and ds remain

Algorithm 2 Routing-Bypassibility

Require: A set of unrouted droplets Dy, a routing graph
G, a routing base time Ty

10: return Ty

unrouted. Since di and d, block the ways to T» and T;
respectively, they form a deadlock. Hence, 2D routing by
Algorithm 2 or A* search [2] is ended up with failure, and
3D routing may fail too for complex cases. According to our
experiments on Fig. 4 (), routing either d1 or dz> in a 2D
or a 3D plane without special consideration (which will be
our concession) will cause failure eventually. Therefore, it
would be desirable to move di and d» simultaneously, but
any parallel routing approach will increase computational
complexity significantly.

An only sequential solution for Fig. 4 (e) is to make d;
back o[@nd wait in some empty space, so called conces-
sion zone for su [cieht amount of time until d> passes by.
The concession zone is defined by any unoccupied contin-
uous space in the chip which is larger than a 3x1 window.
Hence, we first identify all the concession zones, and com-
pute the shortest distances from all the unrouted droplets
to any nearby concession zones. Then, we route a droplet
with the longest distance before the others, as it is harder
for such a droplet to migrate and wait in a concession zone.
Regarding the example in Fig. 4 (e) and (f), we route d;
before d1, as d; can migrate to a concession zone easily and
wait there until the path taken by d> becomes available.
To make such interaction between two droplets feasible, we

1: S « sort Dy in desc. order of bypassibility stall the departure of a droplet like d» by some additional
2: for each di [Sldo ) amount of time, a; in Algorithm 3, which can be computed
3:  Apath P — 2D min-cost path for d; after T, stalling as follows:

4 if P 8 [dhen < . R .

5 Make d; routed with P o= D X=X+ Iy -yl

6: Du — Du \{d|} jeBiﬂDu

7 ret_urn ATi+1 where Bi is a set of droplets whose source locations are inside
8 endif - _ -

9 end for the bounding box of d;. Assum_e the case oz = 0 for Fig. 4
10: return T (e) and (f), then at t = 41, d, is one grid above S, toward

T2, and d; is one grid right of Si, which violates fluidic



Algorithm 4 Routing-Compaction

Require: A set of unrouted droplets Dy, A set of all
droplets D, a routing graph G, a timing constraint RT

1. for each d; [, do

2. ATj « o0

3: end for

4: repeat

5. S « sort D in desc. order of AT.

6: for each di [Sldo

7: if RT < max {AT; | 0} then

8: A path P — 3D min-cost path for d; for timing

9: if P 8 Cand AT; will improve then

10: Make d; routed with P

11: end if

12: else

13: A path P~ 3D min-cost path for d; for fault-
tolerance

14: if AT; will be < RT then

15: Make dj routed with P

16: end if

17: end if

18: end for

19: until no improvement or maximum iteration

constraints. If we set o, = 5 due to B>\ Dy = {di1}, d2
first stalls for 5 cycles which is enough for d; to escape from
the shadowed region by d, and reach the concession zone
safely. After di waits until d> passes by, it returns to Si
to head for T;. Note that this is the only available path
for d; to go to T1 at this moment, thus any min-cost path
algorithm should be able to find this path including stalling
in the concession zone. As in Algorithm 1, d; and d; start
moving at t = 39 when the last successful routing based
on bypassibility analysis (Routing-Bypassibility) occurred.
As soon as di is routed, the path from Ss to Ts becomes
available. Thus, ds can be routed by Routing-Bypassibility
from max( AT1+1, AT2+1) = 56.

4.3 Solution Compaction

After the procedures in Section 4.1 and 4.2, all the droplets
including any unrouted one are rerouted greedily to com-
pact the solution. As the procedure in Section 4.1 allows
only one droplet routing during a certain time interval, and
the one in Section 4.2 intentionally stalls the departure of
a droplet to enhance routability, the routing resources are
under low utilization, creating a large number of timing vi-
olations. Therefore, by rerouting each droplet in a greedy
manner, we can increase the resource utilization, satisfy tim-
ing constraints, and improve fault-tolerance without hurting
routability. Fig. 4 (h) shows that the routing solution after
the compaction is completed with timing constraint 20. The
latest arrival time is reduced from 72 to 19, as the routing
path for each droplet is optimized to meet timing. During
this compaction, a droplet d; with larger AT; is rerouted
first. This compaction is repeated until there is no improve-
ment or maximum iteration is reached as in Algorithm 4.

In detail, Algorithm 4 shows two di Lerknt phases, the first
for timing (from lines 7 to 11) and the second for fault-
tolerance (from lines 13 to 16). Until a timing constraint is
satisfied, we find a min-cost path where a cost is purely the
distance. Once the timing constraint is met, we utilize the
slack of each droplet to enhance fault-tolerance by finding
a di[erknt min-cost path where passing a unit cell already

in use by others is encouraged. Therefore, fault-tolerance
will be pursued only if the timing constraint is satisfied.
Compare the path of ds in Fig. 4 (g) with the one in Fig. 4
(h). In Fig. 4 (h), ds passes by the center of the design
(around T3) to minimize the number of unit cells in use to
increase fault-tolerance at a cost of larger ATs (still < 20).

S. EXPERIMENTAL RESULTS

We implement the proposed droplet routing algorithm for
digital microfluidic biochips in C++, and perform all the
experiments on an Intel 2.6 GHz 32bit Linux machine with
4GB RAM. Since the benchmark suite for droplet routing
in [15, 18] has only two fairly small/simple cases, we ran-
domly generate 30 hard test designs with various potions of
blockages to demonstrate the performance of our algorithm.
In detail, for a given design size, the number of droplets are
the same as the length of the longer side of the design. Then,
multiple blockages are randomly generated and placed un-
til the total area of blockages exceeds the given threshold.
A source of each droplet is randomly placed on the bound-
ary, while its target is randomly located at any place in the
design. To prevent any trivially short case, the Manhat-
tan distance in a 2D plane between the source and target
is forced to be longer than 50% of the length of the longer
side of the design. We set a timing constraint of all the test
designs as 100 time unit.

For comparison purpose, we implement the widely used
prioritized A* search [2].We also obtain the simulation re-
sults on our test designs from the author of the network-flow
based algorithm [18] which is shown to be superior to the
prioritized A* search and the two-stage algorithm [15]. We
make the same assumptions as in [15,18] for fair comparison.

Table 3 shows the overall comparison results. First, our
approach shows significantly better routability by complet-
ing 27 test cases out of 30 (90.0%), while the priority A*
search and the network-flow approach complete 8 (26.7%)
and 12 (40%), respectively. In terms of the number of fail-
ures, our approach shows 35x and 20x better routability.
This result is consistent with that in [18] in a sense that the
network-flow based algorithm is superior to the prioritized
A* search. Overall, our algorithm yields stronger routability
on harder/larger test designs.

Table 3 also reveals the e [edtiveness of the proposed by-
passibility analysis. We find that 752 out of 864 droplets
(87%) can be routed by compaction and bypassibility anal-
ysis only (no concession), which is shown to be as powerful
as the sophisticated network-flow based algorithm for some
cases. Regarding testl7, the number of droplets routed
by simply bypassibility analysis is more than that by the
network-flow based algorithm. Our bypassibility-only based
routing works as well as the network-flow based algorithm
for about 40% of test designs (these test designs are in bold).

6. CONCLUSION

Digital microfluidic biochip design is expected to be in
larger scale with higher complexity shortly due to its vari-
ous applications and high e Cciehcy. In order to cope with
droplet routing automation, one of the key steps in digital
microfluidic biochip design, we propose a high-performance
droplet router with timing and fault-tolerance taken into ac-
count. Experiments demonstrate that our algorithm works
significantly better than the widely used prioritized A* search
and the state-of-the-art network-flow based algorithm.
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Table 3: Comparison between prioritized A* search, network-flow based algorithm, and our algorithm.

test designs Prioritized A* [2] Network-flow [18] Our algorithm
name | droplets | size | blockage area || failure? la.timeJ u.cell9| failured la.timeY u.cell9| failured la.timeT u.celllq d.bypass
test 1 12 12x12 8 (5.6%) 0 37 66 2 n/a n/a 0 100 67 7
test 2 12 12x12 9 (6.2%) 4 n/a n/a 7 n/a n/a 1 n/a n/a 8
test 3 12 12x12 11 (7.6%) 4 n/a n/a 6 n/a n/a 1 n/a n/a 3
test 4 12 12x12 | 11 (7.6%) 3 n/a n/a 5 n/a n/a 0 70 64 2
test 5 16 16x16 17 (6.6%) 0 28 108 2 n/a n/a 0 78 118 14
test 6 16 16x16 | 14 (5.5%) 0 42 116 0 44 132 0 55 119 14
test 7 16 16x16 | 27 (10.5%) 0 33 104 3 n/a n/a 0 89 113 9
test 8 16 16x16 | 26 (10.2%) 2 n/a n/a 0 47 129 0 41 94 15
test 9 16 16x16 | 39 (15.2%) 4 n/a n/a 3 n/a n/a 1 n/a n/a 9
test10 16 16x16 | 39 (15.2%) 4 n/a n/a 2 n/a n/a 0 77 110 9
testll 24 24x24 | 64 (11.1%) 0 62 252 0 100 264 0 47 249 24
test12 24 24x24 | 58 (10.1%) 3 n/a n/a 0 80 242 0 52 219 22
testl13 24 24x24 | 89 (15.5%) 0 60 241 2 n/a n/a 0 52 247 19
testl4 24 24x24 | 91 (15.8%) 3 n/a n/a 2 n/a n/a 0 57 234 19
test15 24 24x24 | 119 (20.7%) 0 63 246 0 74 233 0 83 230 17
test16 24 24x24 | 117 (20.3%) 4 n/a n/a 3 n/a n/a 0 63 223 19
testl7 32 32x32 | 205 (20.0%) 9 n/a n/a 2 n/a n/a 0 68 394 31
test18 32 32x32 | 205 (20.0%) 4 n/a n/a 0 88 408 0 91 403 32
test19 32 32x32 | 260 (25.4%) 0 70 402 2 n/a n/a 0 90 371 32
test20 32 32x32 | 259 (25.3%) 3 n/a n/a 0 91 382 0 99 393 24
test21 32 32x32 | 257 (25.1%) 8 n/a n/a 2 n/a n/a 0 76 389 22
test22 32 32x32 | 269 (26.3%) 5 n/a n/a 4 n/a n/a 0 85 393 27
test23 48 48x48 | 499 (21.7%) 6 n/a n/a 0 100 681 0 78 738 48
test24 48 48x48 | 492 (21.4%) 8 n/a n/a 0 99 737 0 94 807 48
test25 48 48x48 | 601 (26.1%) 5 n/a n/a 0 100 729 0 91 792 48
test26 48 48x48 | 604 (26.2%) 3 n/a n/a 0 99 709 0 88 798 48
test27 48 48x48 | 698 (30.3%) 4 n/a n/a 0 100 770 0 99 762 47
test28 48 48x48 | 692 (30.0%) 5 n/a n/a 4 n/a n/a 0 99 808 48
test29 48 48x48 | 816 (35.4%) 7 n/a n/a 6 n/a n/a 0 98 733 46
test30 48 48x48 | 824 (35.8%) 8 n/a n/a 4 n/a n/a 0 88 751 41
total 864 106 61 3 752

2 the number of failed droplets (unable to find a valid routing path or satisfy timing constraint).

b Jatest arrival time of droplets.
¢ total number of unit cells used for routing.

d the number of droplet routed based bypassibility and compaction using Algorithm 2 and 4 only.
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