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Reducing Microfluidic Very Large Scale Integration
(mVLSI) Chip Area by Seam Carving

Brian Crites University of California, Riverside Cody Falzone University of California, Riverside
Tristan Lopez University of California, Riverside Karen Kong University of California, Riverside
Philip Brisk University of California, Riverside

Abstract—Seam carving is an algorithm that analyzes image
content and can be used for size reduction in a manner that avoids
direct compression or downscaling. Seam carving iteratively iden-
tifies horizontal and/or vertical paths of least visual importance
and removes them from the image; each path removal reduces the
length or width of the image by one row or column of pixels. This
paper adapts seam carving to reduce excess area of flow-based
microfluidic chips that have been drawn by hand or by computer-
aided heuristics without negatively impacting their functionality.
The proposed approach leverages domain knowledge, wherein the
image to be carved consists of I/O ports, components, and fluid
channels, with known and understood fluidic behavior. Three
different variants of seam carving are presented: linear, non-
linear, and non-rectilinear; experimental results show that non-
rectilinear, which is the most general of the three, yields the
best results: it improves area utilization by 8.6 and reduces
fluid routing channel length by 73% across a set of benchmark
microfluidic designs.

Index Terms—Microfluidics, Seam Carving, mVLSI

I. INTRODUCTION

Laboratories-on-a-chip (LoCs) based on continuous fluid
flow microfluidics are widely used for a variety of biochemical
applications. Through automation and miniaturization, LoCs
offer the benefits of higher throughput, lower sample/reagent
usage, and reduced likelihood of human error compared to
traditional benchtop chemistry methods.

As user requirements and device complexities increase, de-
signers will require CAD tools to cope with increasing device
complexity. On the one hand, optimal [1], [2] and near-optimal
[3], [4] algorithms have been proposed to generate good
quality layouts, they will inevitably suffer from scalability
issues unless it is proven that P = N P; on the other hand,
heuristic methods [5], [6], [7] yield lower-quality layouts with
much less execution time overhead.

This paper adapts seam carving [8], an image size reduction
technique, to reduce area and channel length of microfluidic
layouts produced by fast-running heuristics. The basic premise
is to identify seams (paths) through the chip which can
be removed without adversely affecting device functionality.
This paper presents three variants of the basic seam carving
algorithm: linear, non-linear, and non-rectilinear seam carving.
The linear and non-linear algorithms require that the layout
being carved is rectilinear; while the non-rectilinear variant
relaxes this constraint. Linear seam carving restricts seams to
be straight-line segments that cross the chip, either from top-
to-bottom or left-to-right; non-linear and non-rectilinear seam
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Fig. 1: (a) The AquaFlex-3b benchmark after the baseline
placement and routing [5] has completed. The same bench-
mark using the same placement and routing method is then
shown after applying (b) linear seam carving, (c) non-linear
seam carving, and (d) non-rectilinear seam carving, as pre-
sented in this paper.

carving relax this restriction, to allow seams that feature both
rectilinear and diagonal segments.

Fig. 1 presents a motivating example; details of the device’s
internal components are suppressed. Fig. 1a shows a relatively
low-quality rectilinear layout generated by a previously pub-
lished heuristic [5]. Fig. 1b shows an improved layout, which
was derived using linear seam carving; on average, linear seam
carving improves area utilization by 1.4z and reduces the
average fluid routing channel length by 13%. Fig. 1c shows
a better result which was obtained using the more aggressive
non-linear seam carving; non-linear seam carving improves
area utilization by 4.28z on average, while reducing average
fluid routing channel length by 53%. Fig. 1d shows the best
result from the application of non-rectilinear seam carving.
Non-rectilinear seam carving has a 8.58z improvement in area
utilization on average and reduces the average fluid routing
channel length by 73%.

This paper is an extension of Ref. [9], which was published
in GLSVLSI 2017, and introduced the linear and non-linear
seam carving methods. This transactions paper includes the
following extensions to the original:

o The introduction of a novel non-rectilinear seam carving
method, which overcomes some of the limitations inher-
ent to linear and non-linear seam carving.

e Several new benchmarks from the ParchMint suite [10],
[11], which were not available at the time Ref. [9] was
published, are included in the experimental evaluation.
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Fig. 2: Cross-sections of elastomeric microvalves [26], [27],
fabricated with a flexible membrane placed between two
ridged substrates. These microvalves can be designed to be
(a) default open where a pressure must be applied to close the
fluidic path and (b) default closed where a vacuum must be
applied to open the fludic path.

II. BACKGROUND AND RELATED WORK

A. Microfluidic Large Scale Integration

Large scale integration for microfluidics was demonstrated
through the development of soft lithography [12], which
enabled patterning in flexible polymer materials, such as
polydimethylsiloxane (PDMS). This led to the integration of
a number of discrete components [13], [14], [15], [16], [17],
[18], functional microfluidic structures [19], [20], [21], [22],
and, eventually, widespread academic adoption [23], [24], [25].

The use of flexible polymers led to the development of
several integrated micromechnical valve technologies which
enable controllable manipulation of fluid flow, but require
external solenoid valve-based control. Fig. 2a shows the design
of a microvalve that can be fabricated using multilayer soft
lithography [28]. A number of microfluidic components have
been demonstrated using these valves including peristaltic
pumps [28], mixers [29], multiplexers [30], and memories
[30], [31]. Valves based on this design have achieved very-
large scale integration densities [30], [32], [33], [34]; lever-
aging these technological achievements, a number of fully
integrated application-specific [35], [36], [32], [37], [38], [39],
[40], [41], [42], [43], [44], [45], [46], [47], [48] and pro-
grammable [31], [49] valve-based systems have been demon-
strated.

An alternative monolithic membrane microvalve (Fig. 2b)
can be realized by sandwiching a thin PDMS membrane be-
tween two glass plates with microfabricated channel and valve
seat patterns [26]. Monolithic membrane valves have been
used in variety of components [27], [S0] as well as application-
specific [51], [52], [53], [54] and programmable [55], [56] mi-
crofluidic systems. While specialized and expensive equipment
is needed to create patterned PDMS layers via soft lithography,
monolithic membrane valves can be fabricated in virtually
any university clean room. Another advantage is that glass
has lower native fluorescence than PDMS, making monolithic
membrane valve technologies more attractive for applications
that require high sensitivity detection.

B. Seam Carving

A seam is a path of pixels through an image whose removal
minimally degrades image quality. Seams can be identified by
converting an image into a weighted carving graph, where each
vertex represents a pixel and each vertex’s weight represents
its relative importance to image quality [8]. Seam carving then
finds the lowest-cost path (a seam) from one perimeter edge
to its opposite and removes the seam from the image. The
process repeats until the desired reduction in size is achieved.
Seam carving has since been generalized to video, in which
2D seam manifolds are removed from 3D space-time volumes
using similar principles [57], [58].

Seam carving removes pixels; it does not adjust colors or
apply smoothing to reduce aliasing effects [59]. Seam carving
tends to localize aliasing effects to low complexity regions
of an image. Seams often loop around “complex” objects
within an image, such as text, removing space between the
objects before carving through them. Another concern involves
images taken of relatively non-complex foreground objects,
such as a human face, in a context where the background
contains a large number of complex objects: when this occurs,
the foreground object tends to be carved at the expense of
the background, which inadvertently degrades the viewer’s
experience [60], [61]. In this work we will show that the
above concerns do not exist when the image(s) to be carved
are restricted to the domain of mVLSI chip layouts through
the careful construction of the carving grid.

C. mVLSI Placement

Seam carving for mVLSI is presented as a physical design
post-processing technique that can reduce device area and
channel length. The input to an mVLSI design flow is an
architectural netlist specification [62], [63], [10], [11], where
vertices represent components (e.g., pumps, mixers) and edges
represent channels that transport fluid between components.

In most technologies, fluid flow is only permissible on one
substrate layer; thus, it is only possible to lay out planar netlists
[5], [64], [1]. It is possible to planarize the netlist by inserting
valve-based switches at the intersection points where channels
cross [1]. Inserting switches increases both the number of
control inputs and the number of control lines to be routed
on the control layer.



Given a planar netlist, the next step is to place-and-route
the device, which can be decomposed into three distinct
problems: flow-layer component placement, flow-layer rout-
ing, and control-layer routing; these problems can be solved
separately and in sequence [65], [66], [5], [6], [64], [67],
[7], or together, which offers the benefit of cross-boundary
optimization [1], [2], [4], [68], [69]. This paper describes seam
carving as a post-processing technique that can be applied to
a physically laid out flow layer, prior to control layer routing.
It is also possible to apply seam carving to multi-layer chips
by compressing the layers into a single “representative” layout
that aggregates all of the layout information across all layers
(e.g., both flow and control layers of an active device); seam
carving can then be applied to the “representative” layout.

The majority of mVLSI physical design algorithms that have
been published to date have been heuristics, which cannot
guarantee optimality; in this case, there is at least an opportu-
nity to apply seam carving post-layout to improve the results.
The Columba 1.0 [1] and 2.0 [2] layout methods are optimal,
based on Integer Linear Programming (ILP) formulations.
One could reasonably argue that any post-processing method
(seam carving, or otherwise) could not possibly improve a
seemingly optimal layout; however, the situation is not quite
so straightforward, as we will explain below.

To reduce runtime, the Columba-S (Scalable) ILP [4] im-
poses some restrictions, which sacrifice global optimality to
ensure faster convergence. Similarly, a near-optimal SAT-based
mVLSI physical design tool employs search space pruning
to achieve tractable results [3]. In both of these cases, seam
carving might be able to improve the result.

Seam carving is based on a grid, which creates an inherent
tradeoff between algorithmic efficacy and runtime. A finer
granularity grid can be expected to yield a more precise
carving outcome, but will increase runtime, due to both the
time required to search for seams in a denser grid as well as the
time required to remove more seams and legalize the outcome
of each removal; the memory footprint will also increase,
potentially leading to additional memory-related performance
issues. Most other mVLSI physical design frameworks are
also grid-based, and must deal with similar tradeoffs between
solution quality and runtime, vis-a-vis grid density [1], [2],
[3], [4]. While gridless routing for semiconductor VLSI is
a mature topic [70], [71], [72], [73], a more comprehensive
adaptation of gridless layout for mVLSI chips is beyond the
scope of this paper and is left open for future work.

III. PRELIMINARIES

The input to seam carving is a layout (i.e., a placed and
routed mVLSI architecture) A = (m,n,C, R, A), where C is
a set of placed components, R is a set of routed channels, n
and m are the respective height and width of the layout, and
A > 0 is an optional parameter that adds white space around
each component to improve routability.

Each microfluidic component ¢; € C' is represented as a
bounding box ¢; = (2, yi, w;, h;): point (z;,y;) is the upper-
left corner of the component, and h; + 2A and w; + 2A are
its respective height and width.

TABLE I: Symbols and notation used throughout the paper.

Variable Description

n Height of the device

m Width of the device

A Set of components, routes, and device information

C Set of placed components

R Set of routed channels

A (Optional) component buffer space

c; 2’th component of C'
(x4,Y4) +’th component’s upper left corner

h; 2’th component’s height

w; +’th component’s width

T 4’th routing channel in R

Ti,j 7’th channel segment of the 7’th channel of R
Pu» Po Channel segment endpoints

By Boolean array of possible vertical seams

By Boolean array of possible horizontal seams

G mxn Boolean grid of possible seam candidates

S Set of seams

S; Seam

Sij Seam segment

Qu Seam segment endpoint

Each fluid channel r; € R is defined as a set of straight-
line channel segments that are physically connected to form
a tree. The j’th channel segment r; ; of channel r; is defined
as a pair of points r; ; = (py, pv), Where p, = (zy,y,) and
Py = (X4, Yy ). No channel segment may intersect a component
unless it is explicitly connected to that component through a
port on that component’s perimeter.

Multi-segment channels must intersect. We require that any
intersection point between two or more channels be an explicit
endpoint of all channels involved. For example, consider a T-
junction consisting of two segments: 711 = ((1,1), (10, 1))
and 72 = ((5,1),(5,5)). The intersection occurs at point
(5,1), which is on channel segment 7, but is not an
endpoint; this is not allowable. r; ; would need to be split into
two distinct segments: ((1,1),(5,1)) and ((5,1), (10, 1)).

A layout is rectilinear if all channel segments are horizontal
or vertical; otherwise (i.e., if there is at least one diagonal
channel segment), the layout is non-rectilinear. The linear and
non-linear seam carving algorithms described in this paper
are limited to rectilinear layouts; non-rectilinear seam carving
algorithm can handle non-rectilinear layouts as well.

A layout is legal (or valid) if it is planar: no components
may overlap, two distinct channels may not intersect, and
no channel segment may intersect the area allocated to a
component. The one exception is when the channel segment
ends at an input or output port of a component; then, it is
allowed to intersect the component on its perimeter at the
location of the port. Layouts that do not satisfy these properties
are illegal and are not admissible for carving.

In microfluidic devices all physical space can be classified
into three categories: components, channels, and unused space.
Components have a fixed height and width; non-rectangular
components are represented by the smallest rectangular bound-
ing box that enclose them. Fluid channels can have any length,
number of segments, or fanouts, as long as they provide a
continuous flow of fluid between all of their incident compo-
nents. Channel and channel segment length can be reduced



without altering chip functionality. Unused space is otherwise
superfluous and can be eliminated with one exception: unused
space defined by the parameter A is implicitly treated as being
internal to each component.

A seam is a path through the architecture that connects
one perimeter edge to its opposite and contains only points
that are valid for removal. This ensures that correct device
functionality is maintained once a seam is removed. Seams
are not allowed to carve through components, as we assume
that doing so would adversely affect chip functionality. Seams
may always carve through unused space, which does not
perform any functionality. Seams may carve through channels
(i.e., to reduce their length), but may not carve through
channel intersection points: removing an intersection point
would require a subsequent post-processing step to re-insert
it and re-route its incident fluid channel segments; we prefer
to avoid this overhead.

Let S be a set of seams. Each seam s; € S is an
ordered sequence of k straight-line seam segments sharing
common endpoints. Formally, s; = {q1,42,--,qk, Gk+1}>
where s; ; = (¢i,¢i+1),1 < i < k is the j’th segment from
point g; to gj4+1. A seam from the left to the right perimeter
satisfies 1 = 0,241 = m; a seam from the bottom to the
top perimeter satisfies y3 = 0,yx+1 = n. A Linear Seam
consists of one horizontal or vertical segment; a Nonlinear
Seam consists of an ordered sequence of alternating horizontal
and vertical seam segments obtained from a rectilinear layout;
and a Non-rectilinear seam has the same properties as a
Nonlinear seam without the rectilinear requirement.

The above notation is collected in Table I for ease of
reference. The following sections present algorithms for linear,
non-linear, and non-rectilinear seam identification and carving.

Seam carving is directional: horizontal seam carving pro-
ceeds along the x-axis, while vertical seam carving proceeds
along the y-axis. The initial segment of each seam that is gen-
erated will be perpendicular to the carving direction: without
loss of generality, if we are carving in the horizontal direction,
the first seam segment will be vertical, i.e., it will have the
form ((z;,0), (x;,)) for some j > 0; the last segment of the
seam will also be vertical. In the degenerate case, all linear
seams are perpendicular to the carving direction.

IV. LINEAR SEAM CARVING

Linear seam carving restricts seams to be single segments
that span the chip in the horizontal and vertical directions.
Fig. 3a shows an example mVLSI chip with a loose placement
and ample white space. Fig. 3b shows four horizontal seams,
two of which intersect fluid channels in the center of the
chip. Fig. 3c shows the smaller chip after the four seams are
removed. Device functionality is not altered, and the channel
connecting the two components is shortened but not disrupted.

A. Seam Identification

Linear seam carving employs two Boolean arrays, B, and
By, which represent removable vertical and horizontal seams.
Without loss of generality, as we move along the z-axis,
B,[i] represents a vertical line containing all points within

(a) (b (©

Fig. 3: (a) A laid out mVLSI chip; (b) seam identification
(A = 1); (c) the chip after seam removal.

the component having ¢ as the z-coordinate. Both arrays are
initialized to B;[1 : m] = By[l : n] = True.

The algorithm identifies vertical and horizontal seams for
removal separately. Any index ¢ for which B,.[i] = True
represents a vertical seam that could be removed. Horizontal
seams are identified similarly, using B, and the y-coordinates
of components and channel segments.To identify vertical
seams, the algorithm iterates through all components ¢; € C
setting B[x; — A : 2; + w; + A] = False; this disallows
any seam that cuts through a component. For each channel
r; € R, and for each channel segment r; ; = (py,py) € 75
the algorithm sets B[x,] = False and B.[z,] = False to
prevent removal of the entire channel segment.

Without loss of generality, a vertical seam could cut through
a horizontal channel segment, shortening it by one unit;
however, a vertical seam that cuts through a vertical channel
segment would cut through the entire segment. If a channel
segment of a pre-specified length is required (e.g., to achieve
a chemical separation), then a portion of that channel can be
treated as a component with A = 0.

B. Seam Carving

Each index j € {0,..,m} where Bg[j] is True is a
removable vertical seam. Each component ¢; € C such that
x; > j is shifted left to fill the space removed by the seam; the
height and width of ¢; remain unchanged. Channel segments
completely to the right of the removed seam are shifted left by
one grid point. For channel segments that cross the seam, the
right endpoint is shifted left by one grid point. The final step
is to reduce the list of possible seam candidates B, by one by
setting B, [k] = B:[k + 1], < k < m, and decrementing m.
This process then repeats similarly for all horizontal seams,
0 < j <n where By[j] is True.

V. NON-LINEAR SEAM CARVING

Non-linear seam carving eliminates the restriction that
seams must be exclusively horizontal or vertical segments.
Seams are still required to begin at one perimeter edge and
end at the opposite edge. This increases opportunities for seam
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Fig. 4: (a) A placed and routed mVLSI chip; (b) identification
of nonlinear seams from the Source to Sink that can be
removed without impact on chip functionality; this example
sets A = 1; (¢) the identified nonlinear seams are removed

removal and can lead to substantially smaller chip designs.
Fig. 4a shows an example mVLSI chip with a loose placement
and ample white space. Fig. 4b shows two non-linear seams,
whose removal yields a smaller chip depicted in Fig. 4c.

A. Seam Identification

Seam identification employs an m X n Boolean grid G to
determine if a given point is a candidate for seam carving.
Initially G[1 : m][1 : n] = T'rue. For each component ¢; € C
at position (x;,y;) the algorithm sets Glz; — A : x; + w; +
Ally; — A : y; + h; + A] = False, rendering these points
invalid for inclusion in a seam. For each channel r; € R, and
for each channel segment r; ; = (py,p,) € 7; the algorithm

sets G[zy][yu] = Glzy][ys] = False to prevent removal of
the entire channel segment and prevent the need to re-route a
segment.

Non-linear seam carving retains the directional approach of
its linear counterpart, but relaxes the requirement that each
seam consists of one horizontal or vertical segment that spans
the entire chip. Seams are first identified along the x-axis, with
an artificial source connected to all grid positions G[j][1],1 <
7 < m and an artificial sink connected to all grid positions
G[j][n],1 < j < m; the source and sink nodes are omitted
in Fig. 4 to conserve space. A Maze Router, such as Lee’s
Algorithm [74], is repeatedly called to identify valid seams

(b)
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Fig. 5: (a) Two placed and routed components connected by a
horizontal channel comprising one segment; (b) a rectilinear
seam is identified that crosses the channel; the seam travels
horizontally below the component on the left-side and above
the component on the right-side of the chip; (c) removing
the seam shifts the component on the right up by one grid
position, but does not shift the component on the left; the
channel segment that connects the two components is no
longer rectilinear; (d) the correction is to re-route the channel
as a post-processing step, however we explicitly disallow this
option as routability cannot be guaranteed in the general case.

through grid entries that are marked T'rue; one valid seam at
a time is removed. This process iterates until no further valid
seams can be found, and then repeats along the y-axis.

B. Perpendicular Carving

Non-linear seam carving requires special handling of chan-
nel segments that run perpendicular to the carving direction;
we refer to this general situation as perpendicular carving.

Fig. 5a shows an example that carves along the vertical axis
through a horizontal channel segment r; ; = (py,, py), such that
Yu = Yy and x,, < x,. Nonlinear seam s;, identified in Fig. 5b,
consists of three seam segments: a horizontal seam segment
51,1 below the horizontal channel segment; a vertical seam
segment si o that cuts though the horizontal channel segment
at vertical position x,,; and a horizontal seam segment s; 3
above the horizontal channel segment.
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Fig. 6: (a) A placed and routed mVLSI chip; (b) when carving
along the y-axis (A = 1), a set of non-linear seams are found
that cross a perpendicular (horizontal) segment; (c) removal
of the preceding seams with these perpendicularly carved
segments yields an invalid layout; (d) to prevent this, the cells
containing perpendicular segments are marked as unusable
by the seam (all perpendicular segments 7;; = (pu,Dv)
shown in red); (e) removal of non-linear seams that do not
cross the perpendicular segment and therefore cannot introduce
perpendicular carve segments yields a legal layout.

L]

Removal of the seam shifts the position of the left endpoint
Py to a new point, denoted p!, such that =/, = x, — 1 and
Yy = Yoi We let 1} ; = (py,p,) denote the adjusted channel
segment. In Fig. 5c, rg’j is a diagonal seam, which is not
compatible with non-linear seam carving’s requirement that
all channel segments be rectilinear. In Fig. 5d r/ . is instead

2%}
replaced with three rectilinear segments: rg}j) = (p, (2}, yw)),

) = (@), yu)s (€0, yw))s and 7 = (20, Yu), Pu)-

Perpendicular carving can create collisions between a com-
ponent and a perpendicular channel. Fig. 6a shows a placed
and routed mVLSI chip. In Fig. 6b vertical carving yields three
(partially overlapping) seams, two of which cross a horizontal
(perpendicular) channel segment; the third seam occupies one
of two grid elements of white space that separate the horizontal
seam from a 1 x 3 rectangular component above it; all three
seams carve through a vertical segment to the right of the 1 x 3
component.

If A =1, the rectangular component can be shifted down
by one grid position; shifting it further will cause it to intersect
the horizontal channel segment. In Fig. 6c¢, all three seams have
been removed. On the right-hand-side of the image, the height
of the vertical seam segment has been reduced by 3 units,
which causes the 1 x 3 component to shifted down by 3 units

as well; however, only one of the three seams carved through
the white space separating the now-shifted component and
the horizontal (perpendicular seam segment); consequently, the
shifted component intersects the horizontal segment, causing
a layout violation. While this example represents one specific
case, it readily generalizes to encompass any seam whose
orientation is perpendicular to the carving direction.

This problem can be rectified by preventing non-linear
seams from carving through channel segments that are per-
pendicular to the carving direction. Applying nonlinear seam
carving with this restriction to the example in Fig. 6a yields
a smaller set of seams, shown in Fig. 6d, and whose removal
depicts a legal layout shown in Fig. 6e. This restriction ensures
that the number of units that can be removed from the vertical
seam on the right cannot exceed the number of units that
the component in question can be safely shifted down in the
vertical direction.

Without loss of generality, assume that we are carving in
the y-direction and let r; ; be a horizontal channel segment,
which implies that y,, = v,,. To implement the aforementioned
restriction, the algorithm sets G[x,, : x,][y.] = False prior
to carving. When carving in the z-direction, carving through
vertical channel segments can be suppressed similarly.

C. Seam Carving

Components or channel segments that lie to the right (when
carving along the z-axis) or below (when carving along the
y-axis) the seam are moved left or up one unit respectively.

Recall that that we define the origin to be the upper-left
corner of the grid. Without loss of generality, assume that
we are carving along the z-axis and we identify a seam that
includes a vertical segment s; = (qu, ¢»), where x,, = x, and
Yu < Y. For example, the left shift applies to a component
¢; € C which exists to the right of the seam (i.e., z; > )
and whose top edge lies between the segment endpoints (y, <
y; < yyp). This is shown, for example, in Fig. 4b and Fig. 4c:
the component in the upper-left is to the left of both seams
and is not shifted; the component at the bottom is to the right
of one seam and to the left of the other, and is shifted left by
one grid point; the component in the upper-right is to the right
of both seams and is shifted left by two grid points. Channel
and channel segment movements are governed by analagous
rules. This process then repeats similarly along the y-axis.

VI. NON-RECTILINEAR SEAM CARVING

Non-rectilinear seam carving is similar to non-linear seam
carving in that seams are required to run from one perimeter
edge to the opposite edge and that they may contain multiple
alternating horizontal and vertical segments. Non-rectilinear
seam carving relaxes two requirements that nonlinear seam
carving requires: it eliminates (1) the need to invalidate routes
that run perpendicular to the carving direction, and (2) the
requirement that channel segments themselves be rectilinear.
Relaxing these requirements increase the number of seams that
can be removed. Care must be taken to prevent the creation of
routes that cross component boundaries; non-rectilinear seam
carving includes a technique to identify and undo the removal
of seams that result in design rule violations.



NRSC Main Function:

Require: (C,R,n,m): a placed and routed mVLSI netlist
1. G « InitializeGridGraph(C, R,n,m)
2: NRSC_CarveHorizontal(G,C, R)
3: NRSC_CarveVertical(G,C, R)

NRSC_CarveHorizontal Function:
Require: (G, C, R): Grid graph, Components, and Channels
1: src « AddSource AtTop(G)
2: sink + AddSinkAtBottom(Q)
3: S < MazeRoute(G, sre, sink)
4: while |S| > 0 do
5. forall ¢; € C do
6: if RightO fSeam(c;, S) then
7: # x;: x-coordinate of the upper-left corner of
component c¢; (Table I)
8: T, —x; — 1
9: end if
10:  end for
11:  for all r; € R do

12: for all r; ; € r; do

13: # py = (Tu,yy) and p, = (x4, Yy,): endpoints of
channel segment 7; ; (Table I)

14: if RightO fSeam(z,,S) then

15: Ty 4 Ty — 1

16: end if

17: if RightO fSeam(x,,S) then
18: Ty ¢ Ty — 1

19: end if

20: end for

21:  end for
22:  if InvalidLayout(C, R, S) then

23: for all ¢; € C do

24: # x;: x-coordinate of the upper-left corner of
component c¢; (Table I)

25: T —x;+ 1

26: end for

27: for all r;, € R do

28: for all r; ; € r; do

29: # pu = (Ty,yu) and p, = (x,,y,): endpoints

of channel segment r; ; (Table I)

30: Ty — Xy — 1

31: Ty ¢ Ty — 1

32: end for

33: end for

34:  end if

35: S < MazeRoute(G, sre, sink)
36: end while
37: G < RemoveSource AndSink(G, src, sink)

Fig. 7: Pseudocode for the main function and horizontal carving function of NRSC. Vertical carving is similar to horizontal
carving, with several exceptions: source and sink nodes are inserted on the left and right sides of the grid graph; horizontal
carving checks if components and channel segments are below the seam being carved; if so, their y-axis values are decremented.

A. Seam Identification

Non-rectilinear seam carving retains the directional ap-
proach of its linear and non-linear counterparts; the seams
remain rectilinear, although channel segments may become
diagonal. Non-rectilinear seam carving employs the same
mxn Boolean grid G, which is invalidated at all points within
a component and at the endpoints of each channel segment.
Seams are first identified along the x-axis, using an artificial
source and sink connected to their respective perimeter grid
positions, Lee’s Algorithm is then repeatedly called to identify
seams from source to sink, until no valid paths remain. This
process then repeats along the y-axis.

Fig. 8a and 8b depict the process of seam identification and
removal in the presence of a non-rectilinear channel segment.
The removal of the seams yield a smaller layout, shown in
Fig. 8c.

B. Seam Carving

Non-rectilinear seam carving is similar to nonlinear seam
carving, with the additional requirement that design rule viola-
tions must be be identified and rectified. Since non-rectilinear
seam carving does not invalidate channel segments that run
perpendicular to the carving direction, a seam’s removal may
shift one endpoint of the channel, but not the other. As shown
in Fig. 8c to 8e this could cause a channel to intersect a

component, creating a design rule violation that could not
occur under linear or nonlinear seam carving.

When a seam is removed, each channel segment that is
shifted must be checked against all other channel segments and
components to determine if overlap occurs; component overlap
includes the buffer space A. If no intersections are found,
then the seam removal is valid and the process continues;
however, if removing the seam induces a design violation, then
all components and channel segments that were shifted are
restored to their pre-seam-removal positions, as illustrated in
Fig. 8f. The seam whose removal caused the design violation
is invalidated on the routing grid to ensure that it is not
identified again subsequently. Since the design validity check
is performed after each seam is removed, it is always possible
to restore the state of the device to a valid layout. In the
extreme case, all seam removal attempts fail, and the initial
layout of the device is returned unmodified.

C. Discussion

All three seam carving methods identify paths (seams) from
one side of the grid to the other. LSC, being the most restrictive
of the three methods, uses a Boolean Matrix to represent free
space, whereas NLSC and NRSC explicitly construct a graph
and employ a maze router to identify seams. Any linear seam
that LSC identifies would exist as a source-to-sink path in
the graph constructed by either NLSC or NRSC. There is no
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Fig. 8: (a) A placed and routed mVLSI chip; (b) when carving
along the y-axis (A = 1), a seam is found that crosses a
channel segment; (c) the removal of that seams yields a device
with no violations; (d) a second seam is identified that crosses
the same channel segment; (e) removal of this seams yields an
invalid layout, as the channel segment now intersects a placed
component; (f) to rectify the error, the seam is re-introduced
into the system, the components and channel segments are
shifted back, and the seam is invalidated to prevent subsequent
attempts to remove it.

guarantee that the maze router would return this exact path;
the solution is guaranteed to be optimal, given the restrictions
imposed on the graph (e.g., the restrictions that a non-linear
seam cannot cross a channel segment that is perpendicular
to the carving direction). Along similar lines, any rectilinear
seam that NLSC could identify would exist as a source-to-sink
path in the graph constructed by NRSC; once again, there is
no guarantee that the maze router would return that path.

There is one minor, but important, caveat involving NRSC.
While repeated calls to the maze router aims to identify
the maximum number of carvable seams in each direction;
however, we have also seen that some non-rectilinear seams
cannot be carved, as they result in illegal layouts. We presently
lack a method to encode this type of information into the
maze router, and thus we cannot guarantee that repeated calls
will return the maximum number of legally carvable seams.
To partially address this situation, we first run NLSC prior

to NRSC, as all rectilinear seams identified by NLSC are
guaranteed to be legally carvable. We then run NRSC to
identify non-rectilinear seams, and we carve as many of them
as we legally can. It is not immediately clear if the number of
carvable non-rectilinear seams depends on the order in which
the seams are carved, but it seems quite likely to be the case.

VII. EXPERIMENTAL RESULTS

We implemented the linear (LSC), non-linear (NLSC), and
non-rectilinear (NRSC) seam carving methods in C++ within a
larger, internally-developed microfluidic design toolchain; The
NRSC method utilizes the Lemon graph library to construct a
Boolean grid and identify seams [75]. All experiments were
run on an Amazon Web Services’ rb.2xlarge instance (8
vCPU Xeon Platinum 8175 (Skylake), 64 GB RAM) with the
primary constraint being memory.

We used a subset of the ParchMint benchmark suite [10],
[11] that is compatible with our toolchain:

« HIV1: A bead-based HIV1 immunoassay [76];

« GPMFD: A general-purpose software-programmable mi-
crofluidic device comprising a mixer, fluidic memory, 1/0O,
and washing pathway [31];

e MGG: a molecular gradient generator [77];

o Chromatin: a device that performs chromatin immuno-
precipitation [78];

o AquaFlex-3b and -5a: proprietary netlists provided by
Microfluidic Innovations LLC [79], a company that is no
longer in operation; and

« Synthetic 1-7: netlists derived from sequencing graph as-
says models originally intended to evaluate electrowetting
microfluidic chiops [80].

To the best of our knowledge, no individual microfluidic
physical design flow has been able to successfully place-
and-route all of the ParchMint benchmarks. This subset of
Parchmint benchmarks, evaluated in Fig. 9, includes the full set
of microfluidic netlists used for experimental evaluation in the
original seam carving publication [9]. We used a previously-
published deterministic mVLSI planar placement and routing
method [5] to generate the initial layout, prior to seam carving.

While the benchmarks include those originally published in
Ref. [9], there are two experimental differences of note. First,
all experimental results presented here use A = 0, as opposed
to the A = 5 value used in the original publication. Second,
minor modifications were made to the benchmarks when
they were introduced into the ParchMint suite. Specifically
the scales used in the devices were modified to bring them
in line with the other benchmarks. As all the results were
recalculated based on the updated benchmark set and with the
new parameters, we expect this to have no measurable impact
on the results and see no major differences in the results.

We evaluate the impact of the different seam carving meth-
ods in terms of area utilization and average channel length.
Utilization is the percentage of the total device area occupied
by microfluidic components and fluid channels; average chan-
nel length qualifies the space allocated to routed fluid channels
that each seam carving method was able to remove. We also
report the number of seams carved by each algorithm, noting
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Fig. 9: Experimental comparison of the three seam carving
methods to the planar placement and routing baseline [5].
Metrics reported are (a) area utilization normalized to the
baseline and (b) average channel length normalized to NRSC.

that LSC and NLSC carve all seams that they identify, while
NRSC may identify more seams than it can carve.

To avoid technology-specific bias, we impose a uniform grid
structure on the layout. We compute device area and channel
length in terms of the number of occupied units (cells). We
report the runtime of each of the three seam carving methods.

In terms of area utilization and the number of seams carved
NRSC dominates NLSC, which in turn dominates LSC; in
terms of average channel length, NLSC and NRSC dominate
LSC, with NRSC achieved a shorter average channel length
than NLSC for all but one benchmark (Synthetic 2). In short,
reducing the number of grid points marked as invalid for
seam identification increases the number of seams available
for carving. The runtime of NLSC exceeds that of LSC due
to its use of a maze router to identify viable seams, while
the runtime of NRSC exceeds that of NLSC due to repeatedly
re-validate the layout after each seam removal attempt.

A. Utilization

Fig. 9a reports the normalized utilization for each bench-
mark after planar placement and routing [5], and then followed
by LSC, NLSC, and NRSC as post-processing steps. The
baseline device layout produced by planar placement and
routing has an average utilization of 2.9%. Applying LSC
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Fig. 10: The number of seams identified and carved by LSC,
NLSC, and NRSC; results are normalized to LSC. LSC and
NLSC carve all seams that they identify; NRSC identifies more
seams than it can carve due to layout violations.

yielded an average utilization improvement of 1.83x to 5.3%.
NLSC provides a larger increase utilization as its able to find
seams that cross channels and follow non-linear paths between
components, increasing the number of possible seams. NLSC
increases utilization by 5.6z to 16.2% when compared to
the baseline. NRSC, the most effective method, increases the
average utilization by 8.1z to 23.5%. As noted previously,
NRSC accrues these benefits for two key reasons. The first
reason is that removal of rectilinear constraints, creates many
opportunities to identify seams. The second is that NRSC
invalidates fewer points on the grid than LSC and NLSC,
which increases the number of seams available for carving.

B. Channel Length

Fig. 9b reports the normalized average fluid channel length
per benchmark. The baseline device layout produced by planar
placement and routing [5] has an average channel length of
285 units. LSC reduces this average by 33.8% to 189 units
when compared to the baseline; NLSC reduces the average
by 68.2% to 91 units; and NRSC reduces it by 72.9% to 77
units. The explanation for NRSC’s superior results is identical
to what was described in the preceding subsection.

For Synthetic 2, NLSC has a smaller average route length,
but a larger area, than NRSC. In NRSC its possible for seams
to be identified which cut through channel segments such that
those which were originally straight-line deflects to an angle,
technically lengthening them; this phenomenon occurs, for
example, in Fig. 5. In the case of Synthetic 2, this occurred so
many times that the average seam length increased, compared
to NLSC which ensures that all channel segments remain
either horizontal or vertical after carving.

C. Seam Identification & Removal

Fig. 10 shows the number of seams identified by LSC
(Blue), NLSC (Red) and NRSC (Yellow and Green); results
are normalized to LSC. For NRSC, we differentiate between
the number of seams identified by the maze router (Green)
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Fig. 11: Runtimes of the three seam carving methods.

and the number of seams that were carved without inducing
a layout violation (Yellow). On average, NLSC carves 2.48x
more seams than LSC, NRSC successfully carves 2.83x more
seams that LSC; NRSC carves 1.14x more seams that NSRC;
and NRSC identifies 1.15x more seams than it can carve.
Synthetic 6 is an interesting case for NRSC: the ratio of
seams identified to seams carved is much higher in comparison
to the other benchmarks. The initial layout places the majority
of components along the diagonal of the chip area, with a
rather dense network of routing channels. Thus, utilization
along the diagonal region is high, while being considerably
lower at the peripheral regions of the chip. The excess unused
space in the peripheral region allows for the identification
of a large number of seams; however, as these seams also
cut through the diagonal, attempts to carve them yield layout
violations. This observation correlates with the low utilization
for Synthetic 6, relative to the other benchmarks (including
Synthetic 7, which is similarly sized), as shown in Fig. 9a.

D. Runtime

The average runtime per benchmark for the planar placer
and router was 718.29 seconds. The average runtime per
benchmark for LSC was 42.37 seconds, increasing the average
runtime by 5.90% as shown in Fig. 11.

Both NLSC and NSRC run significantly slower than both
planar placement and routing and LSC: the average runtime
of NLSC was 1959.49 seconds (2.73x slower than planar
placement and routing) while the average runtime of NRSC
was 2096.79 seconds (2.92x slower than planar placement
and routing). The percentage overhead seems to be inversely
proportional to device size: for the smallest device (Synthetic
2) the runtimes of LSC, NLSC, and NSRC were 2.07x, 7.60x,
and 8.29x, respectively, greater than the time required to
compute the initial placement and routing solution for each
benchmark; whereas, for the largest device (Synthetic 6), the
respective runtimes of the seam carving methods were 1.13%,
81.79%, and 97.61% greater than that of the initial placement
and routing runtime. Altogether, this suggests favorable trends
in terms of scalability proportional to device complexity.

Planar placement and routing is an efficient greedy heuristic,
and thereby is unlikely to yield optimal results in terms of

area utilization. Consequently, many opportunities exist to
discover and carve new seams, which increases the respective
runtimes of the three seam carving methods. A longer-running
initial placement and routing technique, which produces better
quality results, is likely to yield fewer seams that can be
discovered via post-processing, and, as a result, is likely to
yield faster convergence times for the seam carving methods.

Routing graph construction dominates the runtime of NLSC
and NRSC, but becomes amortized as the number of seams
increases. This overhead could be further reduced if the same
data structure was shared between the initial placer/router
and the seam-carving post-processor. We did not explore this
optimization because our objective was to make the seam
carving post-processing algorithms wholly independent from
the algorithm(s) used to for placement and routing.

E. Limitations and Potential Extensions

Prior work on both semiconductor [81] and FPGA [82]
routing has shown that the result quality for algorithms that
route one net at a time can be highly sensitive to the order
in which nets are chosen for routing. As the techniques
introduced in this paper identify and carve one seam at a
time, they are likewise susceptible to ordering issues involving
the identification and selection of seams to carve. Further,
it is expected that the quality of the initial placement and
routing result will impact the optimality of the overall carving
outcome; initial solutions that are close to optimal are more
likely to have fewer carvable seams, which will limit the
effectiveness of post-processing. Future work on NLSC and
NRSC may consider stochastic searches of potential paths
to identify the maximum number of carvable seams; more
aggressive approaches could also consider rip-up and re-route
of routed nets with the objective of increasing the number of
carvable seams relative to the initial start in position.

VIII. CONCLUSION & FUTURE WORK

Seam carving was originally developed to reduce the size
of images while minimizing loss in content quality. In this
paper, we adopted the basic premise to eliminate unused
space and reduce channel length in microfluidic chips. This
approach to seam carving is likely to have applications in
semiconductor technologies, such as printed circuit boards
(PCBs). Future research could generalize seam carving to
multi-layer microfluidic or semiconductor devices. Another
topic work exploring is to study seam carving in a context in
which certain channels or wires have an equal-length routing
constraint; under this model, any seam (set or set of seams)
must remove an equal amount of length from all channels
or wires that are constrained to have equal length; otherwise
the equal length constraint would be violated. A much greater
challenge would be to apply seam carving to semiconductor
VLSI chips, which combined a mixed or standard cells and
IP blocks, along with multiple layers of metal for routing,
including a clock tree. It would be both challenging and
interesting to see if a generalized form of seam carving could
be effective in this context.
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