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OI14: Crossing-Aware Channel Routing for
Integrated Optics

Christopher Condrat, Priyank Kalla and Steve Blair

Abstract—Increasing scope and applications of integrated
optics necessitates the development of automated techniques for
physical design of optical systems. A key area of integrated optic
design is waveguide routing, which currently lacks the level of
automation found in VLSI design. Unlike VLSI, where signal
nets are routed with metal layers and vias, integrated optics is
a planar technology and lacks the inherent signal restoration
capabilities of static-CMOS. Waveguides suffer signal loss due to
planar (perpendicular) waveguide crossings and also from sharp
bends. Therefore, in contrast to area or wire length, signal loss
minimization — as a function of waveguide crossings and bends
— is a primary objective of any routing solution. For many
applications, our studies show that waveguide routing problems
can be suitably formulated as planar channel routing.

This paper investigates channel routing for integrated optical
waveguides fabricated in a planar substrate. We present routing
techniques where crossings, bends, and area are accounted for in
an integrated solution. Two distinct channel routing techniques
are presented: 1) a new channel router based on net sorting
and utilizing non-Manhattan routing grids, and 2) a router
based on crossing-aware graph-constrained track assignment
that also exploits waveguide curves to reduce track utilization.
Both techniques are crossing-minimal, and also are constrained
suitably to reduce bend loss and area. We compare and evaluate
the performance of our channel routers on a number of optical
design benchmarks.

Index Terms—Integrated optics, channel routing, crossing
minimization, photonic waveguides, signal loss

1. INTRODUCTION

Recent breakthroughs in silicon-based integrated optics —
Silicon Photonics — are establishing the viability of silicon for
integrated optics. The use of silicon enables fabs to leverage
already existing and mature silicon processes and infrastruc-
ture for optical device fabrication as well as integration for
electro-optical systems. Investment in Si-photonics integration
is significant [1], [2]; also significant are the open foundary
initiatives and developmental programs such as the OPSIS
framework [3]. These developments are enabling applications
far beyond traditional roles of optics in communications —
such as optical routing and photonic networks-on-chips [4],
signal processing [5], and also optical digital logic [6], [7],
quantum and reversible computation [8]–[10].

As the availability and applications of integrated optics
expand, the need for automated design space exploration,
optimization, and physical synthesis of integrated electro-
optical systems is also beginning to appear. For this reason, the
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Electronic Design Automation (EDA) community is investigat-
ing how automatic design space exploration techniques can be
adapted to the photonics domain [6], [11]–[15]. This paper also
takes a step in this direction and presents a methodology and
solutions for detailed routing of integrated optical waveguides.
In particular, we show that the detailed routing problem
manifests itself as a channel routing problem, where (Silicon)
optical waveguides are fabricated on a planar substrate and
are connected to devices at the ends of the channel1. Planar
routes require waveguides to bend (curve) and cross each other
— causing loss of signal power. Channel routing techniques
are therefore needed that minimize waveguide crossings and
bends. This paper presents two techniques: 1) a channel
router based on sorting, and 2) a channel router based
on crossing-aware, graph-constraint track-assignment. Both
routers minimize signal loss as a function of waveguide
crossings and bends within the channel, while also reducing
area.

Fig. 1: Routing channels of optical GDS layout

A. Optical Routing Problem Formulation and Objectives

The main motivation for solving this problem stems from
physical design of integrated optical logic circuits [6], [7],

1In the VLSI domain, channel routing is no more a topic of extensive
research investigations due to the availability of a large number of metal layers
and over-the-cell routing. This paper revisits channel routing specifically for
optical technology, which introduces new optimization criteria not addressed
by VLSI channel routers.
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[10], [16]. Such circuits comprise a set of pre-designed optical
devices — such as modulators, switches, splitters and detectors
— placed on a planar substrate, and connected together with
waveguides. Consider the optical network depicted in Fig.1.
Eight (8) ring resonators are arranged into columns by a device
placer such as to minimize area as well as routing complexity.
The column arrangement induces the presence of vertical
routing regions between device columns denoted as channels,
with device connection-points, denoted as ports, facing the
channels. Inter-channel waveguides are used to allow routes
between devices in other channels.

(a) Placement of devices
with global routes

(b) Resulting channel for
detailed routing

(c) Detailed routing formulation

Fig. 2: Channel routing for an optical device network

In general, for a layout such as Fig.2(c), pre-designed
optical devices are represented as rectangular blocks (a) that
are arranged (placed) in fixed-width columns (b). Such a
placement gives rise to vertical routing channels (c), which are
routing regions that separate the placed devices. Waveguides
are routed between devices at ports (d) that face the channels.
For routing between ports in different columns, connections
are made to inter-channel waveguide, as depicted in (e). Due
to the planar nature of routing, waveguides may only cross
each other perpendicularly (f) — at the cost of signal loss.

The waveguide connecting two ports is denoted as a net and
comprises a single route with no signal sharing (fanout). Signal
sharing is explicitly provided by pre-designed waveguide
splitter devices; these devices are treated as placed, 3-port,
pre-designed optical devices, with ports for routing. Therefore,
our methodology renders every net a two-terminal net within
the channel.

As a relatively generic routing formulation, waveguide
channel routing is applicable to many optical network archi-
tectures, especially as most assume a single, planar optical
routing layer. This includes optical interconnect networks
incorporating wavelength division multiplexing (WDM), as
the routing does not affect the multi-wavelength, channel-
carrying capabilities of the waveguides. Many topologies
lend themselves to channel routing. For example, in [17],
various WDM network topologies are explored, many of

which required column-based layouts of modulators, filters,
and endpoints that could produce channels. Integration-related
aspects such as access to laser sources and the proximity
of devices to heat sources are also a function of device
placement, and may still give rise to channels, even if not
specifically designed for them. Another aspect of on-chip
photonic integration is timing. The routing itself does not
have a great effect on the timing of the overall system.
This is especially true, given that the speed of modulation
and conversion will dominate the overall timing budget as
compared to the transmission delay of the routed interconnects.

Such aspects of optical network design are important;
however, this paper is concerned with channel routing and not
with device placement or data conversion. It is assumed that a
(column-based) placement of optical devices is already given,
along with the general routing path/topology of optical signals.
This, subsequently, gives rise to a channel routing problem —
such as the one depicted in Fig.2 — which we solve while
minimizing signal loss.
Paper Organization: We begin with an overview of signal
loss mechanisms on which optimizations are based. Following
is a description of the contributions of this work, along with
previous work in integrated optic design. We then describe
our investigations into existing a non-Manhattan grid sorting
routers, the limitations of which lead to the development of our
own sorting-based router. After describing our sorting-based
router, we investigate a second channel router: a crossing-
aware, left-edge style router. We then compare and evaluate
the performance of our channel routers on a number of optical
design benchmarks. The paper concludes with a final analysis
of the results.

B. Signal Loss
We identify signal loss as the primary guiding metric in inte-

grated optics routing. All devices, including bulk waveguides,
have insertion losses measured in decibels (dB). These losses
are pre-characterized through device analysis (e.g. FDTD
modeling and simulation) and technology parameters.

In terms of planar routing, we identify the following loss
mechanisms:

• Waveguide crossings [ 0.1–0.2 dB / crossing ] Per-
crossing losses are on the order of 0.1–0.2dB per crossing
[18], [19], affecting both crossing waveguides.

• Waveguide bends [ 0.001–0.3 dB / bend ] Losses depend
on inherent waveguide properties (materials, geometry,
etc.), radius of curvature of the bend, and surface rough-
ness due to fabrication [20]–[22].

• Bulk waveguides [ 0.01–2 dB / cm] As these losses are
extremely low (dB per centimeter, e.g. 0.03dB/cm [23]),
we consider bulk waveguides essentially lossless.

Optimization Objective: The primary optimization objective
in our routing formulation is signal loss minimization. Within
the channel, this is achieved by: 1) minimization of the total
number of waveguide crossings; and 2) minimization of the
number of waveguide bends. Minimization of the number of
tracks (channel height) is the subsequent secondary objective.

We optimize for the total signal loss within the channel
due to optical feedback within the system. For example,
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consider the 1-bit full-adder circuit implemented using ring-
resonator-based switches in silicon photonics, depicted in
Fig.1. We designed this circuit and fabricated it through OpSIS
[3]; the design is currently under characterization. A signal
may be routed such that it enters a given channel multiple
times and may cross multiple other nets; this is depicted in
the highlighted signal path. Therefore, instead of minimizing
losses on a per-net basis, we minimize for total losses within
a channel.

C. Contributions of this work

This paper presents methods for channel routing of
integrated optical waveguides fabricated on a planar substrate.
Two distinct crossing-aware channel routing techniques
are presented: 1) a sorting-based router based on a non-
Manhattan routing grid, and 2) a left-edge style router
utilizing crossing-aware graph-constraints. Both techniques
are crossing-minimal, and are constrained in a technology-
suitable fashion to reduce bend-loss and area (number of
tracks).

Our sorting-based channel routing technique utilizes a
non-Manhattan routing grid and positional net sorting. We
draw inspirations from sorting-based routers [24], [25]. These
routers have useful properties of being minimal in terms of
crossings. In our investigations, however, the original sort-
router formulation suffers from a number of unaddressed
limitations and detrimental side-effects that make it imprac-
tical. We show that there are fundamental flaws in the way
the original swap/sort-routing channel problems are encoded,
requiring excessive area, introducing more waveguide bends,
and even affecting the original problem specification.

This leads us to develop our own crossing-minimal, bend-
reducing, sorting-based router. We overcome the problems of
the original formulation by: 1) performing routing separately
on both sides of the channel; 2) constraining the formulation to
avoid unnecessary bends and enable routes to better utilize the
routing grid. As a result, our router not only retains minimal
crossings, but further minimizes the number of waveguide
bends. Track utilization is also greatly improved over the
original technique.

We also present a channel router based on traditional, left-
edge style constraint-graph track assignments [26]–[28]. For
such channel routing, we show how 1) crossing constraints
are incorporated into the underlying constraint model enabling
routing solutions to be both crossing-minimal; and 2) exploit
the physical realization of waveguide curves for improved
track utilization. For the former, the concept of pin-rotation
is introduced as a means to determine whether nets require
crossings. For the latter, we utilize the geometric properties
of waveguide curves to enable knock-knees (KK) to facilitate
track sharing, reducing overall track height.

Our channel routing techniques are then applied to a number
of optical waveguide routing problems derived from photonic
designs. We evaluate and compare the techniques with respect
to each other in terms of crossings, bend-loss, and channel-
height.

2. PREVIOUS WORK

State-of-the-Art in Photonics Design Automation: One of
the main focus of current investigations is toward archi-
tectural explorations for photonic interconnection networks
in multi-core processor systems [4], [12], [29]–[31]. At the
functional/logic-design level, there have been investigations
into use of optical components as building-blocks, connected
by waveguides, to design optical computing systems [6], [8],
[10], [16], [32], [33]. High-level synthesis, using technology-
mapping with a library of optical device building-blocks,
has also been presented [11]. The focus of these works
is on architectural and functional analysis and optimization;
physical design and fabrication details are beyond the scope
of such works.

At the much lower (physical) level, [13] demonstrates a
full-custom layout of photonic structures using a commer-
cial CMOS-based layout editor (Cadence Design Systems
Virtuoso). Waveguide curves are discretized at a fine level
into rectangular geometry, enabling waveguides to be rep-
resented in a format that traditional foundries accept. This
methodology is significant in that it provides a building-
block pathway for producing foundry-ready layouts and masks
for non-Manhattan device geometries (rings, arcs, waveguide
curvature). However, for such methodologies, design automa-
tion is essentially absent, and designs must be optimized
manually. Similarly, commercially available photonics CAD
suites [34], [35] provide frameworks for physical device
design, analysis, mode solving, and simulation (FDTD) for
performance analysis of optical design components. However,
automated techniques for design space exploration during
physical synthesis — automated floorplanning, placement,
waveguide routing while optimizing for physical parameters
such as insertion-loss, bend-loss, phase coherence issues, etc.
— are not available.

Recently, [12], [14] present techniques for global optical
interconnect synthesis. Such techniques analyze the routing
problem at different levels of abstraction than the techniques
presented in this work. Once global routing is performed, local
routing is necessary to complete routing. At this routing level,
a channel router may be utilized to ensure crossing-minimality,
as well heuristically minimal bends. The work of [15] presents
high-level, run-time calibration and reconfiguration techniques
to reduce power usage in on-chip interconnect networks. The
technique employs multiple redundant optical devices to which
sub-channels can be remapped in cases where it would reduce
overall tuning power.

In VLSI physical design, channel routing algorithms [26]–
[28] are textbook knowledge [36], [37]. Crossing minimization
in routing has been studied in the context of the crossing
distribution problem (CDP) [38], [39]. The CDP is concerned
with the distribution of a minimal set of crossings within a
routing topology; this is performed through permutations of
net orderings. In contrast, while our work also utilizes net
orderings to ensure crossing minimality, the final routing is
performed with the goal of reducing signal loss with respect
to crossings and bends — not the distribution of crossings
across a layout.

Channel routing with crossing minimization has also been
studied in the context of QCA routing [40]. Track assignments
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for multi-terminal nets induce varying numbers of crossings;
therefore, [40] formulates crossing minimization, heuristically,
as a weighted-minimum-feedback-edge-set problem. However,
in the context of our problem — utilizing exclusively 2-
terminal nets — we exactly minimize waveguide crossings,
obviating the need for such an approach.

Fig. 3: Track-optimized channel solution

3. NON-MANHATTAN GRID, SORTING-BASED ROUTING

A channel routing problem is represented by net “pins”
fixed to the top and bottom of a channel. The purpose of
the router is to route all nets in the channel’s routing region,
while minimizing parameters such as area (channel height,
number of tracks), signal delay (net-length), or signal loss.
Fig.3 depicts a minimum track channel routing obtained by
a left-edge router. In traditional VLSI channel routing, area
and net-length are primary optimization goals. Channel routing
also seeks to minimize other objectives, such as vias [41], and
in the case of this paper, signal loss.

Manhattan-based (rectilinear) grids are traditionally em-
ployed in VLSI routing, dedicating layers specifically to hori-
zontal or vertical spans for routing flexibility; non-Manhattan-
based grids (e.g. octilinear) are rarely utilized. Integrated
optics, however, is well suited to non-Manhattan-based routing
grids. Such routing grids can suitably represent waveguide
curves, and provide greater routing flexibility in the absence
of multiple routing layers.

(a) Swap-sorted net
indexes.

(b) Swap-sorted
solution.

(c) Bubble-sorted
solution.

Fig. 4: Channel routing performed by sorting indexes. Circled
indexes denote a pair that is reordered (sorted).

The work of [24], [25], also described in textbook [37],
investigates a non-Manhattan grid channel router based on
sorting. The nets of a channel are assigned numerical indexes,
and routing is performed by sorting the nets in a finite number

of permutations. The number of permutations performed rep-
resents the number of tracks utilized. Examples of this sorting-
based routing are depicted in Fig.4.
Crossing minimality: In addition to utilizing non-Manhattan
grids, sort-router’s channel solutions are minimal in terms of
the number of crossings. Crossing minimality results from the
fact that [24]: 1) crossings only occur if nets are positioned
out-of-order during sorting, and 2) once sorted, pairs of nets
never cross each other again during the sorting process.

The flexibility of a non-Manhattan-based grid and crossing
minimality makes sorting-based routing attractive for inte-
grated optics. However, the original sorting-based channel
routing solutions presented in [24], [25] have drawbacks that
make them impractical. Below, we describe the limitations of
the sort routers of [24], [25]; these limitations motivate the
design of our own sorting-based channel router, specifically
designed for integrated optics.

A. Sorting-based Channel Routing

Two sorting techniques are presented in [24], [25]: swap-
sorting and bubble-sorting. The swap-based router swaps
positions of pairs of adjacent nets if they are out-of-order.
For example, in the bottom track of Fig.4(a), nets 5 and 4
are out-of-order and they swap columns in the transition to
track 1; this is reflected in the swap depicted in Fig.4(b).
A bubble-sort based technique can also be used, as depicted
in Fig.4(c), allowing indexes to sort across multiple column
positions. Bubble-sorting, however, causes nets to cross at non-
perpendicular angles, and therefore is unusable for optical
waveguide routing. Our channel routing technique utilizes
swap-based sorting for routing.

Fig. 5: A swap-router channel solution. Shaded region denotes
columns outside the initial channel bounds.

B. Encoding Side-only Nets

The described channel problem setup assumes that all
nets appearing on the bottom of a channel also appear
on the top. However, most channel problem instances also
incorporate nets with pins exclusively on one side of the
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channel. Also, empty spaces between pins (i.e. “gaps”), or
within the routing tracks are also not accounted for by the
basic routing algorithm. We first formally define net types with
respect to their pin locations, as well as the concept of empty
spaces in the routing region:

Definition 3.1. [ X-net, T-net, B-net, side-only nets ] A net
with pins on both the top and bottom of a channel is an X-
net (cross-over/shared net). Nets with pins exclusively on one
side of a channel are denoted side-only nets: a T-net (top-
only net) has pins on only the top side of the channel; a B-net
(bottom-only net) is net with pins on only the bottom of the
channel.

Definition 3.2. [ Gap ] A gap is an empty location in the
routing grid, or an empty pin location. Gaps are not assigned
sorting indexes, but may be routed over if unoccupied.

Consider the channel depicted in Fig.5. We must assign net
pins initial sorting indexes in order to route the channel nets.
Observe nets E, B, and D. Net E is an X-net, and therefore the
bottom pin of E is assigned the index corresponding to its top
pin’s index-position, in this case 4. Nets B and D are B-net
and T-net types respectively; they have their pins exclusively
on one side of the channel — side-only nets. The work of
[24] provides a means for encoding T-nets and B-nets into the
channel sorting problem:

B-net encoding: For a given B-net, the left-side pin is assigned
a high-valued index, and the right-side pin is assigned a
negative index. For example, in Fig.5, the left-pin of B is
assigned index 13 — a value greater than the number of
channel columns — and the right-pin is assigned !2. The
result of these index assignments is that the high-valued index
causes the route of the left-pin to sort to the right; the negative
index causes the route of the right-pin to sort to the left. When
the routes meet, the net is considered routed and the indexes
are removed from the problem in subsequent tracks.

T-net encoding: T-nets do not exist at all on the bottom track,
and therefore are added to the initial bottom sorting track as
additional columns (“virtual columns”) to the left and right of
the original channel columns. In Fig.5, these are indicated by
the shaded areas. The bottom pins of the T-nets are assigned
indexes corresponding to the positions of the top-pins of the
net; this causes the respective routes to sort towards these
positions during the sorting. The routes of the T-nets must,
however, meet at some point within the channel. To facilitate
this, T-net pins are assigned to the sides opposite of their
relative positions in the top track. This causes the routes to
cross each other at some point on their way to their final
positions.

In Fig.5, net D — a T-net— has pins on top of the channel
at columns 3 and 9. These column positions are used as the
indexes assigned to the pins at the bottom of the channel —
index 9 on the left, 3 on the right. As the sorting proceeds,
the routes for the T-nets converge towards each other, cross
at some point within the channel, and continue to their final
sorted position. After the channel routing completes, only the
routing above the crossing point of a T-net is retained as the
actual T-net route (e.g. the solid-line route of D in Fig.5).

C. Limitations of Swap Router

Consider the swap-router solution depicted in Fig.5. Imme-
diately apparent are the following problems:

1) wasted tracks (gaps) with sub-optimal routes;
2) the final (top) positions of routed net terminals are shifted

to the right, as compared to the original specification;
3) routes detour away from destination column position,

creating more “bends”, which can cause optical signal
loss;

4) routes exist outside the channel’s column bounds.
These problems arise from the following sources:
Gaps in the sorting problem: Empty space (i.e. “gaps”) in
the channel problem affect the relative positioning of nets in a
track, while not providing any sorting information themselves.
The end result is that the routing solution only respects the
relative positioning of nets, not the absolute position. This is
problematic, as the routed nets of the top track may not reflect
the positions of the pins in the original specification; this is
demonstrated in the top track of Fig.5. Both B-nets and T-nets
introduce gaps into the sorting problem.
T-net encoding: As demonstrated in Fig.5, the encoding for
T-nets negatively impacts virtually all aspects of the channel
solution. T-nets introduce additional channel columns that
affect positioning of the net pins, as well as enabling routes to
extend outside the channel’s original column bounds. The T-
net temporary/virtual routes (dashed lines in Fig.5) also cause
unnecessary detours for any other route they interact with,
increasing track count — a track for each crossing — during
the sorting. For example, in Fig.5, the T-net route originating
from the left-side for net J must cross seven (7) other routes
to form a solution. None of the temporary routing below the
cross-over point serves any real purpose in the final channel
solution. This also causes other routes to move outwards, such
as the route for E detouring left as it crosses the left terminal
route for A, D, and J.
Post-processing: Accepting the solution from the swap router
as-is would require an additional post-processing step to: 1)
position T-net terminals correctly with respect to the original
specification, and 2) post-process routes within the solution to
improve track usage and prevent routes from extending outside
the bounds of the channel. While some post-processing work
is performed in [25] to compact the track space, gap handling
remains unaddressed. Larger problems, especially with many
T-nets, can produce extremely large solutions, most of which is
wasted space. This effectively defeats the purpose of utilizing
the swap router in the first place.

4. 2-SIDED SWAP ROUTING (2SWAP)
To overcome the limitations of the original sorting routing,

we introduce the 2-sided Swap Router (2Swap): a sorting-
based router that performs routing from both sides of the
channel simultaneously. Sorting still remains a key component
of routing, ensuring crossing-minimality; however, the routing
from both sides overcomes two key limitations of the original
router:

• The elimination of T-nets from the routing solution. No
additional columns are added to the channel problem and
no temporary routes are needed.
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• Sorting in the presence of gaps is addressed, and pins
on each side of the channel are fixed as per the original
specification.

Crossing minimality: As in the original swap router, the 2Swap
router produces a crossing-minimal solution. This is ensured
by updating the position of route pins at each iteration of the
routing. A swap that takes place on one side of the channel is
reflected when the other side is routed, retaining the sorting-
based assurance of crossing-minimality.
Gap crossing: Gaps are an intrinsic part of virtually every
channel routing instance. The presence of gaps, however, is not
even mentioned by [24], and other examples in literature [25]
only depict and describe dense (gapless) routing problems such
as Fig.4. We address the existence of gaps within the sorting
problem by allowing routes to span horizontally across gaps
to the point of crossing. During sorting, pairs of routes are
analyzed across gaps. Should a swap be possible, a horizontal
span is created up to the point of crossing, and the swap then
occurs. This is depicted in Fig.6(c), where a route for net B
traverses multiple gaps ( /0) to cross over route A on the right.

(a) Sorted, but not fully-routed solution

(b) After post-sort routing

(c) Horizontal
gap spanning

Fig. 6: Post-sort routing for 2Swap solution.

Two-sided swap-routing: The 2Swap router alternates be-
tween both sides of the channel for swap-routing, while
performing bookkeeping to ensure that crossings are not
performed twice and sorting-indexes are updated. We now
define two different net-concepts:

Definition 4.1. [ Source/destination sides, S-net, D-net ]
Given a channel side being routed, routing is performed from
the source (src) to destination (dest) sides of the channel. The
src/dest sides of the channel are analogous to the bottom/top

sides when routing is performed from the bottom-to-top. Given
a channel side being routed, an S-netis an source-side net — a
net with both pins exclusively on the source side of the channel.
Likewise, a D-netis an destination-side net — a net with both
pins exclusively on the destination side of the channel.

The technique works in the following manner:
1) For each iteration of the 2Swap router, swap-routing is

performed for a single track on both sides of the channel,
subject to the following conditions:

• For each iteration of the sorting, relative ordering
of nets is recomputed for swap-routing, utilizing the
current set of sorted tracks. This helps ensure that
the routing performed for a given side is aware of
net-swaps that took place on the opposite side of the
channel.

• For a given side of a channel being routed, only S-
nets and X-nets are encoded as indexes and routed.
D-nets are treated as gaps on the destination track for
purposes of routing. This ensures that D-nets are only
routed on their respective side as S-nets, avoiding
the problems previously associated with T-nets in the
original sorting-based router.

• Any S-nets that have completed routing are removed
in subsequent tracks (replaced by gaps).

2) Routing completes when routes on both the top and
bottom are completely sorted with respect to each other.

3) A post-sort routing is performed to provide a routable
channel.

The 2Swap technique is given in Algorithm 1.2

Post-sort routing: The sorting phase of routing completes
when all S-nets are routed, and all X-net-indexes are sorted
with respect to each other. The latter condition, however, does
not guarantee that the channel is fully routed. Consider the
2Swap routing solution depicted in Fig.6(a). While the X-nets
in the middle of the channel are sorted with respect to each
other, they are not fully routed as their column positions are
misaligned. In such cases, post-sort routing must be applied,
as demonstrated in Fig.6(b).

A. Solution Quality

We route the channel depicted in Fig.5 using the new
2Swap router and observe that it produces a far more usable
solution (Fig.7(a)). Fewer tracks are utilized (6 vs 11) and
no additional columns are added to the routing solution. In
addition, the top and bottom pins locations are the same as in
the specification. Overall, the solution produced by the 2Swap
router is improved with respect to the original swap-router.
However, further improvements are still possible, especially
in terms of waveguide bends.

1) Excess bends and their cause: The 2Swap route pro-
duces a large number of excess bends in its solutions. This
is especially apparent in larger channel instances such as
Fig.6(b). The excess bends in 2Swap routes are due to the fact
that while the position of net terminals are fixed to absolute
positions, the intermediate sorting is still a relative sorting-
position operation. Pairs of routes for a given net are therefore

2All algorithms are found at the end of the manuscript
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(a) 2-sided swap (2Swap) (b) Constrained 2-sided swap
(2SwapC)

Fig. 7: Routing solutions for the same channel instance

not actively converging towards each other during the sorting.
For example, in Fig.7(a), net E swaps with net B, shifting E
to the right — in the opposite direction of its destination pin.
As a result, route E must detour across a large expanse of
space to connect both sides — despite being only one column
away in the original problem. The same problem afflicts net
I, which detours left in its swap with H.

As a signal loss mechanism, bends must also be accounted
for, and we address these with a constrained 2-sided Swap
Router.

5. CONSTRAINED 2-SIDED SWAP ROUTING

The Constrained 2-Sided Swap Router (2SwapC) introduces
the following key features:

• Convergence and swapping constraints: Routes cannot
change columns unless swapping or utilizing a horizontal
span. Swapping only occurs between adjacent routes, un-
der the condition that the swap results in each respective
route converging towards its respective opposite pin.

• Horizontal spanning: Routes may now cross each other
using horizontal spans in addition to diagonal (swap)
crossings. For a given route, the horizontal spans are only
permitted as a direct connection to the paired pin’s route,
completing the routing.

The 2SwapC technique is given in Algorithm 3.

(a) 2SwapC allowing
convergence towards
other pins (12-tracks)

(b) 2SwapC fully-constrained
(12-tracks)

Fig. 8: Effect of constraining route movement

Convergence constraint and swapping restrictions: Routes
are restricted from shifting columns, except during a swap or
utilizing a horizontal span (explained later). Swapping is still
allowed, but restricted: adjacent net-routes must both converge
towards their opposing pin. The convergence swapping con-
straint work together to reduce the number of bends in the
routed solution.

To reduce unnecessary bends, we strictly constrain routes to
only shift horizontally during a swap. In the absence of such a
swap, this restriction results in straight vertical connections, as
depicted in Fig.8(b). While the routes cover more horizontal
area, that area is already empty. In addition, the overall track
height generally remains the same or is often reduced, as will
be seen later.

(a) Net spanning:
A cannot cross
B or C diagonally

(b) Horizontal
connection
across nets

Fig. 9: Horizontal connections to complete routing

Vertical spans form naturally due to the convergence con-
straint, as depicted in Fig.9(a). As vertical spans form, a
horizontal span is allowed in cases where crossing other routes
does not result in a sorting violation. Horizontal spans are also
only allowed to cross vertical spans that traverse two (2) or
more tracks, to ensure that bends will not occur at the junction.
This is depicted in Fig.9(b), where the horizontal crossing
may not cross at track 1, but must instead cross at track 2.
Furthermore, to reduce the number of bends, routes may span
horizontally only if they can make a direct connection to the
column of their respective paired route. The effect of this is
that any given net will only make one horizontal span within
the channel. This can be observed in the channel solution
depicted in Fig.8(a).
Comparison with 2Swap: While the number of crossings is
the same, channel solutions produced by 2SwapC have fewer
bends than 2Swap. This is evident in Fig.7 where the 2Swap
router produces many routes that “zig-zag” throughout the
routing region, whereas 2SwapC utilizes straight routes with
few or no bends. The net result is fewer bends, more vertical
spans to permit horizontal cross-overs, and retaining the ability
for neighboring nets to cross diagonally — reducing tracks.
Moreover, the restrictions still retain the sorting mechanism of
the other swap routers, ensuring crossing minimality.

The 2SwapC router is applied to a number of benchmarks
later in this paper to evaluate its performance. We also investi-
gate incorporating crossing-aware constraints onto traditional
left-edge style routers, which we describe in the following
section.

6. LEFT-EDGE-STYLE CHANNEL ROUTING

Traditional left-edge-style channel routers [26]–[28] repre-
sent the channel routing problem using horizontal and vertical
constraint graphs (HCG, VCG). An alternate representation of
the HCG is the zone representation, which is derived from
the HCG, where every zone is defined by a maximal clique.
The number of signals in the largest zone is the lower bound
on the number of tracks needed for routing. These graphs
encode constraints on how tracks may be assigned to nets in
the channel. Consider the channel routing problem depicted
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(a) Five maximal subsets of signals. (b) Resulting five zones.

Fig. 10: Horizontal constraints and zone representation.

in Fig.10(a). The resulting zone representation is depicted in
Fig.10(b). Likewise, the VCG for the problem is represented
in Fig.12(a).

(a) Track-optimized
(5 tracks, 10 crossings).

(b) Crossing-constrained
(5 tracks, 8 crossings).

Fig. 11: Channel routing solutions under differing constraints.

A net may be assigned to a track should it have no
descendants on the VCG, and have no overlapping zone
conflicts with previously assigned nets on a given track. Nets
are removed from the VCG as they are assigned to tracks.
When a track cannot contain more nets, a new track is created
and the process is repeated until no more nets are left for
assignment.

Multiple nets can be candidates for assignment to a given
track, each with different horizontal overlaps. Therefore
heuristics are used to choose which nets are assigned first.
One of the simplest is a greedy heuristic used in constrained
left-edge channel routing [26], where the left-most available
nets in channel are assigned first to tracks. This can lead to
sub-optimal track-utilization; more sophisticated heuristics
analyze the graph structure for better results, such as [28],
which attempts to reduce the longest path in the VCG
for better track utilization. We refer to the class of track
assignment algorithms above generically as “left-edge-style”
channel routing. The approach we describe below can be
incorporated into any such techniques.

Crossing-constrained track assignment: Fig.11(a) depicts
the output of a (VLSI) left-edge 2-layer channel router,
and Fig.11(b), a channel routing constrained for crossing-
minimization. Both solutions are minimal in terms of tracks;
however, the total number of crossings in Fig.11(a) is 10,
compared to 8 in Fig.11(b). The discrepancy in the number of
crossings is attributed to the two crossing points caused by nets
B and C. By forcing C to appear below B, two crossings are
avoided. However, transforming from Fig.11(a) to Fig.11(b) is
not as simple as moving net C below B, not if track height is

(a) Original VCG. (b) With crossing
constraints.

Fig. 12: Crossing-constraints modifications to the VCG

to be kept minimal. Crossing minimization must therefore be
encoded into the routing process itself as constraints.

(a) Rotation direction with respect to
pin locations.

(b) Same rotation direction
" Unavoidable crossing.

(c) Opposite rotation directions
" Avoidable crossing.

Fig. 13: Crossing detection via rotation from A to B.

We constrain the channel routing problem to favor crossing
minimization. The VCG is modified such that avoidable
crossings impose vertical constraints on the net ordering. Only
nets that share zones have the possibility of crossing, and
pairwise analysis takes place after the zones are derived.

A crossing constraint is only encoded into the VCG if a
crossing can be avoided. For example, the pair of nets in
Fig.13(c) would not normally be constrained in the VCG;
however, a net crossing can be avoided if B is assigned a
track above A. Therefore, an edge connecting B to A is added
to the VCG. Conversely, the two nets in Fig.13(b) cannot avoid
crossing, and therefore no constraint is added.

We introduce the concept of pin-rotation to detect avoidable
crossings. If we were to map the pins of nets on a unit
circle, a crossing is unavoidable if rotating from one pin
to the next is not possible without first passing through the
pin of another net. Consider the nets depicted in Fig.13(a).
Collapsing the shared horizontal region, and considering the
areas Fig.13(a)(1) and Fig.13(a)(2) shows how pins of a given
side rotate with respect to each other (clockwise/counter-
clockwise) around an axis fixed at the center. In the case of
Fig.13(a)(1), the rotation of the left pin of A to the left pin of
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B is counterclockwise, and likewise the pins on the right-side
also rotate in the same counterclockwise direction. If the pins
on both left and right terminals rotate in the same direction a
crossing is unavoidable. More formally:

Xle f t
A,B,CW =

!
"

#
Xle f t

B,top if Cle f t
A <Cle f t

B

¬Xle f t
A,top otherwise

(1)

Xright
A,B,CW =

!
"

#
Xright

A,top if Cright
A <Cright

B

¬Xright
B,top otherwise

(2)

Xavoidable(A,B) =
$

Xle f t
A,B,CW ! Xright

A,B,CW

%
(3)

where Cle f t/right
N is the integer-valued column-position of a pin

of net N on a given side (left, right); the Boolean variable
Xle f t/right

N,top , using the same notation, denotes whether that pin
resides on the top side of the channel. Eqn.1 and Eqn.2 utilize
the horizontal relationships of pins and their channel-sides
(top/bottom) to determine the clockwise rotation (CW) of a
given pair of le f t or right pins for nets A and B, rotating
from A to B. A crossing is avoidable only if left and right
rotations are not the same, the result of Eqn.3.

For example, in Fig.13(a), consider the left side of the
shared span Fig.13(a)(1):

• The variables Cle f t
A and Cle f t

B are the column positions
of the respective left-terminals of nets A and B. In the
example, Cle f t

A = 1, Cle f t
B = 2.

• Cle f t
A <Cle f t

B implies Xle f t
A,B,CW = Xle f t

B,top from Eqn.1.
• The left pin of net B is not on the top side of the channel

(Xle f t
B,top = false ). Therefore, the left side of the pair of

nets is not rotating clockwise from A to B, i.e. Xle f t
A,B,CW =

Xle f t
B,top = false .

• On the right side of the shared span Fig.13(a)(2),
Cright

A <Cright
B . This condition implies that

Xright
A,B,CW = Xright

A,top = false . The right side is therefore also
not rotating clockwise from A to B.

Having the same direction of rotation (Xle f t
A,B,CW = Xright

A,B,CW =
false ) implies that a crossing is unavoidable, as determined
by Eqn.3; this is reflected in the figure.

Applying crossing constraints to the problem depicted in
Fig.10(a) results in the VCG depicted Fig.12(b). As compared
to the original VCG Fig.12(a), the crossing-constrained VCG
is more heavily constrained, ensuring that unnecessary cross-
ings do not occur, such as the double-crossing of nets B and
C in Fig.11(a).

Knock-knee track sharing: Though the modified VCG is
effective in preventing waveguide crossings, the additional
constraints can affect overall track height, and may produce
a worse solution in terms of number of tracks. However, we
observe that the bend geometry of optical waveguides can be
exploited to further reduce channel height. This is discussed
below.

Consider the two nets in Fig.14(a). The endpoints of the two
nets occupy the same column and therefore net A should be
placed above B in the VCG. However, given the same track,
the two nets would intersect at a corner of each horizontal
span–a knock-knee. In VLSI, this situation is untenable, and

(a) Knock-knee
implementation.

(b) Knock-knee-constrained zone
representation.

(c) 4-track routing solution
utilizing knock-knees.

Fig. 14: VCGs for Fig.10(a) and knock-knee extension.

different tracks would need to be assigned to each net.
However, for waveguides, the minimum grid spacing for a
channel can permit knock-knees in the routing grid. This is
depicted in Fig.14(a), where a track is shared between the
two nets without overlap.

A knock-knee occurs where one net ends and another be-
gins, e.g. nets C and E in Fig.14(c). During zone construction,
at columns where knock-knees appear, the net that is beginning
its horizontal span is only added to the subsequent column
set, rather than the current column set under consideration.
For example, in Fig.14(c) knock-knee signals E, F , G, I, and
J are removed from the marked columns and only appear in
the subsequent columns. The effect of this column change on
the resulting zones is demonstrated in Fig.14(b), where there
are six (6) zones rather than the five (5) from the previous
zone analysis Fig.10. Despite containing an additional zone,
the largest column set now contains one fewer net than the
original, resulting in the 4-track solution depicted in Fig.14(c).

Overall, the effect incorporating knock-knees into a routing
solution is that two knock-knee nets can now occupy separate
zones, and therefore can be placed on the same track. Addi-
tional zones may be created; however, those zones are equal
in size or smaller in terms of nets — potentially reducing the
lower bound on the number of tracks required for routing.

Cycles induced by crossing constraints: Crossing constraints
can induce cycles in the VCG. Consider the three nets depicted
in Fig.15(a). Without crossing constraints, nets A and B would
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(a) Vertical cyclic
constraints.

(b) Dog-legging
avoids crossings.

(c) Knock-knees avoid
additional tracks.

Fig. 15: Cycles induced by crossing constraints.

be unconstrained, and no cycle would occur; however, due to
the constraint edge between B and A such a cycle occurs.
Cyclic constraints cannot be routed without additional tracks
and require “doglegging” to complete routing [27]. In order
to avoid crossings, the routes for A and B are converted
into doglegging routes as depicted in Fig.15(b), utilizing the
same columns as the original. Unfortunately, this results in an
additional two (2) tracks being added to the routing solution
should spare tracks not be available adjacent to the cycle.
However, in the presence of knock-knees, both the crossings,
and the additional tracks can be avoided, as depicted in
Fig.15(c). The experimental results show that knock-knees can
have a marked difference in track utilization especially in the
presence of cyclic constraints induced by crossings.

7. EXPERIMENTAL RESULTS

We evaluate our sorting-based router (2SwapC) and our
crossing-aware left-edge router (LE+KK) on a number of
channel problem instances. We also compare against the
Yoshimura-Kuh (YK) router [28] as a baseline. The original
sort-based router [24], [25] is not compared, as it produces-
routing solutions that violate the original channel specifica-
tions.
Channel problem instances: In the VLSI community, it
is customary to evaluate routing techniques against bench-
mark suites such as those described in [42]. However, such
benchmarks are inapplicable to this work. The VLSI routing
benchmarks utilize multiple routing layers, with nets incorpo-
rating large amounts of fan-out. This is due to the aggressive
factorization-based logic decomposition/synthesis applied in
the VLSI domain.

Our investigations found these techniques to be inapplicable
to photonic logic. Subsequently, we proposed technology-
specific netlist decomposition techniques specific to silicon
photonics [6]. The channel routing instances are derived from
relevant integrated optical designs.

Our channel problem instances are derived from the
ACM/SIGDA (i.e. MCNC) logic synthesis benchmark
suites [43]. These designs are synthesized into waveguide-
connected, optical switching networks, utilizing our optical
logic synthesis technique [6]. The optical netlist is then
placed into rows using a VLSI row-placer [44]. Crossing-
aware global routing is performed subsequently, utilizing an
MILP-based approach on a set of candidate routes. After
global routing completes, the regions between rows are
extracted as channel problem instances. Multiple channel
routing problems were derived using the above design flow.

A. Metrics

Channels are routed to evaluate their performance in terms
of key metrics: 1) crossings, 2) bend-loss, and 3) track
utilization (area). In all problem instances, the number of
crossings produced by the 2SwapC and LE+KK routers is the
same.

(a) 90# curve
with r = 1
loss/bend = 0.368

(b) 135# curve
with r = 2
loss/bend = 0.135

Fig. 16: Radius of curvature for grid bends.

Bend-loss: In our octilinear grid, bends can be either 90#

or 135#, having different loss characteristics. Bend-loss is
computed for each using Eqn.4 [45] as a function of radius of
curvature (Fig.16):

!bend(r) =C1 · exp(!C2 · r) (4)

The constants C1 and C2 are dependent on the physical
parameters of the waveguides. For simplicity and convenience,
we use a unit grid for calculating bend-radius, and select C1 =
C2 = 1. This results in bends-loss for !bend({135#,90#}) =
{0.135,0.368}.

In addition to counting bends within the channel, we also
include bends at the interface of the side of the channel to the
first track of each respective side.

B. Analysis of results

The results of the routings are depicted in Tbl.I (appended
at the end of the manuscript). Total time for both routers
to complete all channel problem instances was less than 10
seconds. Analysis of the results reveals that:

• Crossings: Both 2SwapC and LE+KK perform equally
well in terms of number of crossings. Moreover, on
average, both routers have 43% fewer crossings than the
YK router.

• Bend loss: The LE+KK router produces nearly the
same bend loss as YK router due to the similiar track-
assignment routing formulation. However, 2SwapC con-
sistently produces better results compared to LE+KK
(5.6% less average bend loss).

• Tracks: LE+KK often utilizes fewer tracks than 2SwapC
(8% less, on average). As expected, both 2SwapC and
LE+KK produce more tracks than the strictly track-
optimizing YK router, except in the two instances noted
in the table. On average, the increase in tracks is 24%
and 14% for 2SwapC and LE+KK, respectively.

In comparing 2SwapC and LE+KK, the 2SwapC router ulti-
mately produces less bend loss. We attribute this to 2SwapC’s
use of a non-Manhattan grid, enabling waveguide bends with
larger curvature (e.g. 135# curves). This contrasts with nets
routed by LE+KK, which always require 90# bends. In terms
of tracks, LE+KK offers slightly better track utilization due to
enforced 90# curves and the single-track utilization model.
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8. CONCLUSION

This paper presents channel routing techniques for inte-
grated optical waveguides fabricated on a planar substrate.
We identify our primary optimization objective as signal
loss minimization — in terms of waveguide crossings and
bends-loss — with area as a secondary objective. We present
two distinct crossing-aware channel routing techniques for
integrated optics: 2SwapC — a sorting-based router based
on a non-Manhattan routing grid, and LE+KK — a left-
edge style router utilizing crossing-aware graph-constraints.
Both techniques are crossing-minimal, and are constrained in
a technology-suitable fashion to reduce bend-loss.

Our new 2SwapC router addresses and overcomes the
shortcomings of previous sort-based routers through the use of
two-sided swap routing. We have further improved the router
through additional routing constraints, as well as innovative
extensions that enable routes to utilize horizontal spans,
while reducing bends. Bend-losses are markedly improved, as
demonstrated in tests on many channel routing instances, and
2SwapC demonstrates that it is superior in terms of bend-loss
than the LE+KK router.

The LE+KK router we present builds upon traditional
constraint-graph based (“left-edge style”) routers to produce
a crossing-minimal channel routing solution. This router in-
corporates additional constraints to ensure crossing minimality
by analyzing pairs of nets using the concept of pin rotation.
We also exploit waveguide curves to enable knock-knees
to improve track utilization as well as to enable crossing-
constrained doglegging, improving the solution quality.

Our channel routers provide effective means for automating
optical waveguide routing with signal loss as a primary
metric. When applied to channels derived from optical designs,
2SwapC and LE+KK both produce comparable results. In
terms of our primary signal loss metric, however, we choose
the 2SwapC router, as its ability to utilize non-Manhattan grids
gives it greater potential in reducing overall signal loss. The
LE+KK router is still a good choice in cases where area is
most important.
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Algorithm 1 2Swap: Main Swap Router

Tsol := [ ] /* (solution tracks for channel) */
repeat

for each side S of the channel do
Tsrc := copy of current track of src side
Tdest := copy of current track of dest side
Assign all D-net nets in Tdest to /0
Tunsorted := array of net-indexes of Tsrc with respect to Tdest
Tsorted := SWAPSORT (Tunsorted)
Add Tsorted to Tsol
Remove completed S-nets from Tsorted
Set current track for S to Tsorted

end for
until (all B-nets and T-nets are routed) and (all X-nets are sorted
with respect to each other)
Tsol := POSTSORTROUTING(Tsol)

Algorithm 2 2Swap: Per-track SwapSort Function
function SWAPSORT (T as array of indexes)

for i = 1 . . .sizeOf(T ) do
if T (i) ! /0 and T (i+1) ! /0 and T (i)> T (i+1) then

SWAPVALUES(T (i),T (i+1))
/* Additional increment to skip to next pair */
i := i+1

end if
end for
return T

end function

Algorithm 3 2SwapC: Main Swap Router

Tsol := [ ] /* (solution tracks for channel) */
Hsol := [ ] /* (horizontal spans for channel) */
repeat

for each side S of the channel do
t := sizeOf(T src

sol )
Tsrc := T src

sol [t] /* copy of current track of src side */
Tdest := T dest

sol [t] /* copy of current track of dest side */
Assign all D-net nets in Tdest to /0
Tunsorted := net-indexes of Tsrc with respect to Tdest
Ty!1 := T src

sol [t !1] /* previously routed track */
Ty := Tunsorted /* currently routed track */
/* next routed track: */
Ty+1 := CONSTRAINEDSWAPSORT (Tunsorted)
Hspans := HORIZONTALSPANS (Ty, Ty+1, Ty!1)
Remove h-span-completed S-nets from Ty+1
Add Hspans to Hsol ; Add Ty+1 to Tsol
Set current track for S to Ty+1

end for
until (all B-nets and T-nets are routed) and (all X-nets are sorted
with respect to each other)
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Algorithm 4 2SwapC: Per-track Constrained SwapSort
Function

function CONSTRAINEDSWAPSORT (T as array of indexes)
for i = 1 . . .sizeOf(T ) do

if T (i) = /0 or T (i+1) = /0 then
continue

end if
/* Swap constraints for T (i) and T (i+1) */
xa

i := COLUMNOF(T (i))
xb

i := COLUMNOF(other route of T (i))
xa

i+1 := COLUMNOF(T (i+1))
xb

i+1 := COLUMNOF(other route of T (i+1))

condi :=
&

true (xb
i ! xa

i )> 0
false otherwise

condi+1 :=
&

true (xb
i+1 ! xa

i+1)< 0
false otherwise

if condi and condi+1 then
SWAPVALUES(T (i),T (i+1))
i := i+1

end if
end for
return T

end function

Algorithm 5 2SwapC: Horizontal Spanning Function
function HORIZONTALSPANS (Ty+1,Ty,Ty!1 as arrays of indexes)

/* Detects horizontal spans for track Ty */
Hspans := [ ] /* (output spans) */
for i = 1 . . .sizeOf(Ty) do

xa
y := COLUMNOF(Ty(i))

xb
y := COLUMNOF(other route of Ty(i))

/* Determine whether we can span between xa
y and xb

y */
condhorz := true
for j = (xa

y +1) . . .(xb
y !1) do

condsort := (Ty( j)> Ty(i)) /* sorting condition */
/* Test for gap or two-track vertical spans */

condvert :=

!
"

#

true Ty( j) = /0
true Ty( j) = Ty+1( j) = Ty!1( j)
false otherwise

condhorz := condhorz $ condsort $ condvert
if condhorz = false then

break from for-loop
end if

end for
if condhorz then

Add (xa
y ,x

b
y) to Hsol

i := i+(xb
y ! xa

y) /* Skip span region */
end if

end for
return Hsol

end function
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TABLE I YK = Yoshimura-Kuh; 2SwapC = Constrained 2-sided Swap; LE+KK = Left-edge + Knock Knees;
N = # nets; Width = channel width; (new) = {2SwapC, LE+KK } (crossing counts were the same for both routers);
* = YK router performed worse than new routers

Crossings Bend Loss Tracks
Design Nets Width YK (new) YK 2SwapC LE+KK YK 2SwapC LE+KK

alu4.0 104 283 214 128 76.54 63.20 76.54 10 12 10
alu4.1 150 337 258 140 110.40 101.11 110.40 * 11 10 8
alu4.2 171 372 663 417 125.86 116.71 125.86 18 20 18
alu4.3 169 368 555 277 124.38 117.18 124.38 12 15 13
alu4.4 164 368 703 397 120.70 118.43 120.70 15 19 19
alu4.5 167 370 747 441 122.91 118.06 122.91 14 20 17
alu4.6 186 389 752 434 136.90 134.90 136.90 15 16 15
alu4.7 144 349 598 424 105.98 101.63 105.98 13 17 17
alu4.8 157 354 856 480 115.55 112.59 115.55 19 21 28
alu4.9 153 348 819 393 112.61 107.71 112.61 16 20 22
alu4.10 179 368 1082 600 131.74 129.60 131.74 22 24 23
alu4.11 151 355 404 230 111.14 105.97 111.14 10 13 13
alu4.12 154 362 530 252 113.34 113.70 113.34 11 13 11
alu4.13 157 364 520 276 115.55 112.79 115.55 11 18 20
alu4.14 130 324 243 147 95.68 87.91 95.68 8 10 8
alu4.15 155 340 373 207 114.08 103.47 114.08 11 14 14
alu4.16 146 359 296 170 107.46 100.31 107.46 10 12 11
alu4.17 151 362 238 126 111.14 105.07 111.14 9 11 9
alu4.18 140 351 485 259 103.04 96.01 103.04 10 13 11
alu4.19 126 338 214 128 92.74 87.50 92.74 8 11 9
alu4.20 143 350 340 184 105.25 99.69 105.25 11 16 15
alu4.21 141 347 277 145 103.78 97.36 103.78 9 11 10
alu4.22 133 342 236 108 97.89 93.14 97.89 8 9 8
alu4.23 157 351 561 335 115.55 112.10 117.02 11 15 13
alu4.24 147 349 418 194 108.19 105.40 108.19 9 12 11
alu4.25 140 341 562 316 103.04 100.99 103.04 14 17 16
alu4.26 156 366 504 240 114.82 109.55 114.82 15 17 15
alu4.27 141 353 486 228 103.78 99.49 103.78 15 17 16
alu4.28 91 274 103 59 66.98 56.36 66.98 7 8 7
alu2.0 93 278 279 157 68.45 56.46 68.45 17 18 17
alu2.1 142 338 311 159 104.51 100.99 104.51 7 10 8
alu2.2 178 366 780 440 131.01 125.18 131.01 19 24 24
alu2.3 147 355 415 253 108.19 97.97 108.19 10 14 13
alu2.4 178 388 592 316 131.01 130.33 131.01 11 13 12
alu2.5 177 381 762 462 130.27 126.21 130.27 12 20 18
alu2.6 149 352 329 199 109.66 102.39 109.66 8 11 10
alu2.7 175 375 589 363 128.80 127.68 128.80 12 17 13
alu2.8 160 362 298 200 117.76 109.97 117.76 11 13 11
alu2.9 91 273 108 62 66.98 52.21 66.98 6 8 6
ex5p.0 119 343 244 142 87.58 73.95 87.58 10 13 11
ex5p.1 145 402 211 129 106.72 97.60 106.72 * 11 12 10
ex5p.2 207 458 755 399 152.35 145.64 152.35 18 24 23
ex5p.3 183 427 926 598 134.69 127.22 134.69 18 22 18
ex5p.4 190 439 912 490 139.84 136.69 139.84 18 20 20
ex5p.5 209 457 1362 832 153.82 145.72 153.82 18 21 19
ex5p.6 183 437 634 342 134.69 127.31 134.69 15 16 15
ex5p.7 195 437 1061 603 143.52 138.82 143.52 18 23 20
ex5p.8 175 433 550 320 128.80 124.76 130.27 12 19 13
ex5p.9 173 425 622 318 127.33 120.91 127.33 11 15 14
ex5p.10 120 340 231 143 88.32 72.58 88.32 9 10 10


