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Abstract—With the relentless scaling of technology nodes,
physical design engineers encounter non-trivial challenges caused
by rapidly increasing design complexity, particularly in the
routing stage. Back-end designers must manually stitch/modify
all of the design rule violations (DRVs) that remain after
automatic place-and-route (P&R), during the implementation of
engineering change orders (ECOs). In this paper, we propose
CoRe-ECO, a concurrent refinement framework for efficient au-
tomation of the ECO process. Our framework efficiently resolves
pin accessibility-induced DRVs by simultaneously performing
detailed placement, detailed routing, and cell replacement. In
addition to perturbation-minimized solutions, our proposed SMT-
based optimization framework also suggests the adoption of
alternative master cells to better achieve DRV-clean layouts.
We demonstrate that our framework successfully resolves from
33.3% to 100.0% (58.6% on average) of remaining DRVs on M 1-
M3 layers, across a range of benchmark circuits with various
cell architectures, while also providing average total wirelength
reduction of 0.003%.

Index Terms—pin accessibility, refinement, ECO, SMT

I. INTRODUCTION

With the relentless scaling toward advanced technology
nodes, increasingly sophisticated IC fabrication constraints
(e.g., fewer routing tracks, higher pin density, and compli-
cated conditional design rules) bring rapidly increasing de-
sign complexity [16]. This leads to non-trivial challenges for
physical design, particularly in the routing stage. The number
of remaining design rule violations (DRVs) after place-and-
route (P&R) has become one of the most crucial metrics
for an automatic IC layout solution, since back-end designers
must manually stitch/modify all DRVs via implementation of
engineering change orders (ECOs) at the post-layout stage. In
particular, achieving the pin accessibility needed to resolve
DRVs is a critical, time-consuming engineering task just
before tapeout, and is therefore a critical bottleneck in the
advanced-node IC design process [7], [18].

To mitigate pin accessibility-induced DRVs, several ap-
proaches are proposed to improve pin accessibility through
detailed placement (DP) optimization [6], [8], [9], [12], [15],
[20] and standard cell layout optimization [3], [19]. The
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authors of [12] perform DP optimization using a global routing
solution as guidance, with pin accessibility modeled only in
the form of pin density. Dynamic programming and deep
learning-based DP optimizations considering each pin’s access
are developed in [6], [8], [9], [20]. In [15], the authors
introduce a measurement of inaccessible pins in a cell to
optimize DP. However, these models have limited capability
of comprehending design rules in detailed routing (DR). The
works of [3] and [19] have proposed pin accessibility-driven
cell layout optimization frameworks for improving routability
at block-level. Recently, the authors of [11] perform replace-
ment of inaccessible cells with diverse cell layouts in terms of
pin locations and number of access points, in the ECO stage.
The applicability of these works is intrinsically limited due
to the lack of holistic consideration for the block-level design
steps (e.g., DP and DR).

In this work, we propose CoRe-ECO, a Concurrent
Refinement framework which simultaneously performs in-
cremental DP and DR, along with cell replacement, at the
ECO stage. To our knowledge, this is the first work to
present a concurrent co-optimization of DP, DR, and cell
replacement within block-level P&R. Our main contributions
are summarized as follows.

e We propose a concurrent refinement framework which
simultaneously performs DP, DR, and cell replacement
for each local window (i.e., switchbox) covering DRV
locations, to determine ECOs at post-layout stage. We
devise a novel dynamic cell allocation (DCA), merging
the refinement steps into a single-step optimization.

e CoRe-ECO performs (i) placement adjustment such as
horizontal/vertical shifting, horizontal flipping, and cell
swapping; (ii) pin-length extension with a recommenda-
tion of adopting alternative master cells while maintaining
the same functionality; and (iii) routing optimization to
seek the best-quality DRV-clean solution.

e CoRe-ECO minimizes perturbation of the given layout
by utilizing a satisfiability modulo theories (SMT) solver,
enabling multi-objective optimization.

o We validate the proposed CoRe-ECO framework with
various testcases, demonstrating successful fixing of pin
accessibility-induced DRVs through the proposed ECO
flow along with total wirelength optimization.



TABLE I
NOTATIONS FOR THE PROPOSED CoRe-ECO FRAMEWORK.
Term || Description
T Set of instances in a switchbox
t t*F instance
It 0-1 indicator if instance ¢ is flipped
Tt x-axis coordinate of lower-left corner of ¢
Yt y-axis coordinate of placement row of ¢
yfwg Initial y-axis coordinate of placement row of ¢
xfwg Initial z-axis coordinate of lower-left corner of ¢
wi Width of instance ¢
Pt Set of internal pins of instance ¢
pt it pin of instance ¢
aezt (pL) [[Set of extended vertices of pin p?
V(V;) ||Set of vertices in ('™ metal layer of) the routing graph G

v A vertex with the coordinate (., yv, zv)

a(v) Set of adjacent vertices of v
€v,u An edge between v and u, u € a(v)
Wy, || Weighted cost for metal segment on ey«
N Set of multi-pin nets in the given routing box
n nt" multi-pin net
T A two-pin subnet connecting a source and sink, i.e., a commodity
eﬁﬁu 0-1 indicator if e, is used for n
7 (v, u) [[0-1 indicator if e, 4 is used for commodity f7
My, ||0-1 indicator if there is a metal segment on ey, v
CT (v, ) |[Capacity variable for e,,,, of commodity f

The remaining sections are organized as follows. Section II
describes the proposed CoRe-ECO framework. Section III
discusses our experimental setup and results. Section IV
concludes the paper.

II. CORE-ECO FRAMEWORK

This section introduces an overview of the proposed frame-
work, grid-based P&R architecture, refinement operations,
switchbox generation, perturbation-minimized optimization,
and SMT formulation.

A. Framework Overview

We formulate a conventional (sequential) layout refine-
ment process as a constraint satisfaction problem (CSP) with
variables and constraints to integrate placement adjustment
and routing steps into a single multi-objective optimization
problem. We adopt the SMT solver Z3 [5] to solve the
given optimization problem. Fig. 1 illustrates an overview of
our framework. Given standard cell library, switchbox, and
instance slack information,' our framework simultaneously ob-
tains the optimal solution that strictly satisfies the constraints
integrated into our novel DCA scheme. Our notations are
described in Table 1.

B. Grid-based Place-and-Route Architecture

We define the grid-based placement and 3-D routing graph
composed of four metal layers (i.e., M1-M4) as shown in
Fig. 2. Cell instances and I/O pins are aligned with M 1 vertical
tracks and gate poly of the standard cell. Inspired by [10], we
adopt supernodes to cover the multiple candidates for each
pin, either the I/O pin of a standard cell (i.e., Pry) or the
outer pin of a switchbox (i.e., Prx). The location of Pjy
is dynamically determined by placement formulation and is
associated with the flow formulation for routing through DCA.
Pg x interconnects the internal pins inside the switchbox to the

'We define instance slack as the worst slack among pins of a given instance.
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Fig. 1. Framework Overview.
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Fig. 2. Grid-based Place-and-Route Architecture.

outer pins and is located along the boundary of the switchbox
which corresponds to the pre-routed result.

The horizontal routing grid (i.e., M2 and M4) consists
of eight tracks per placement row and the vertical routing
grid (i.e., M3) is aligned with the cell placement grid’. Note
that we focus on M2-M3 layers assuming that M2 and M3
have the same metal pitches, because our proposed framework
targets the correction of the pin accessibility-induced DRVs.
Thus, M4 layer only contains VIA34 elements as the external
pins for connections to the upper layer.

C. Refinement Operations

CoRe-ECO uses placement adjustment and pin-length exten-
sion as refinement operations within its adaptive perturbation
method.

Placement Adjustment. Fig. 3 illustrates possible adjustments
during DP to solve the pin accessibility-induced DRV. When
the given placement layout in a switchbox (Fig. 3(a)) does not
have feasible routing solutions due to an inaccessible M1 pin,
CoRe-ECO adjusts the placement of instances in the switchbox
by horizontal/vertical shifting, horizontal flipping, and cell

2We assume an on-grid routing scheme for each routing layer, consistent
with sub-7nm multi-patterning technologies and IC practitioners’ restriction
of preferred routing direction per each layer [21].
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Fig. 4. Pin-length Extension. (a) Initial Placement. (b) Pin-length Extension.

swapping as shown in Figs. 3(b)-(e). Note that cell swapping
is only performed between two adjacent instances.
Pin-length Extension. As a rule, master cells with minimum
pin-length are preferred for use during initial P&R, e.g., to
achieve better timing optimization. However, in the ECO stage,
engineers should consider adopting alternative master cells for
specific instances, so as to improve pin accessibility or to
achieve the target design specification. While works of 20+
years ago [1], [2], [13] pursued liquid library approaches,
today it is well-understood that a library cell must be qualified
before it is used in a production chip. Thus, our framework
suggests minimum-achievable pin-length extensions needed to
fix DRVs: by only extending the metal segments of I/O pins,
we enable engineers to adopt (i.e., swap in) alternative master
cells that maintain the same functionality while minimizing the
magnitude of undesired timing impact on each cell. Further-
more, our framework minimizes the effective number of alter-
native master cells by the perturbation-minimized optimization
described in Section II-E. Note that this simple pin-extension
satisfies all the conditional design rules for generating standard
cell libraries that are described below in Section III-A. Fig. 4
illustrates pin-length extension that resolves a DRV caused by
the inaccessible pin (Fig. 4(a)) by extending the instance’s I/O
pins (Fig. 4(b)) without DP adjustments. We only apply the
pin-extension for M1 pins because (i) we do not allow routing
on M1 layer, and (ii) M2 pins are directly accessible from
BEOL layers.

Adaptive Perturbation. We utilize instance timing slacks to
set the perturbation range (i.e., the range of the vertical and
horizontal adjustments) by considering timing margins of each
instance. For the instances with the worst slacks, we fix the
placement and the routed wires to prevent the deterioration
of timing characteristics. For the rest of the instances, the
applicable range of perturbation is set by the input parameter
settings. Flipping of instances and extension of pin-lengths are
allowed for all instances except for the fixed instances.

D. Switchbox Generation

The proposed CoRe-ECO generates a switchbox by ex-
tracting the instance, pin, net, and obstacle information from
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:] Fixed Instance
:l Clipped Instance

Fig. 5. Switchbox Generation. (a) Local window with 1 DRV, displayed by
the commercial tool [22]. (b) Visualization of the generated switchbox.

each local window covering DRVs. Fig. 5(b) visualizes the
generated switchbox representation from the local window
depicted in Fig. 5(a).

Instances. We separate the instances in the refinement region
(i.e., blue dotted box) according to the given P&R results. We
first fix the placement and the corresponding pre-routed nets
of the instances (i.e., I2) whose timing slacks are less than a
predefined worst-slack upper bound. Then, the instances inside
the region are extracted as adjustable instances (i.e., 10, I1)
that are allowed for the refinement operations. The clipped
instances (i.e., I13) are partially included in the refinement
region. Therefore, those instances are not adjustable, but their
partial pins/nets are extracted for the routing optimization.
Pins/Nets. The I/O pins in the adjustable and clipped instances
are extracted as internal pin candidates (i.e., PO - P8). The
external pins (i.e., EO - E6) are extracted along the boundary
of the refinement region if there is a connection from the
internal pins to the outside of the refinement region. The
net information defines new interconnections between internal
pins and external pins.

Obstacle Elements. The switchbox has two types of obstacle
elements (i.e., gray rectangles). First, we extract the routed
metal elements in the obstacle region (i.e., yellow solid box)
and set those elements as obstacles to check for DRVs on
the boundary of the refinement region. Second, we consider
the routed elements inside the refinement region as obstacles
if those elements do not have any connections to the inter-
nal/external pins or they are connected to the fixed instances.

E. Perturbation-minimized Optimization

The proposed CoRe-ECO has multiple objectives associated
with the refinement operations and routing problems. To



honor the given (initial) DP and DR solution, we minimize
the perturbations made by refinement operations as well as
the total metal length. The vertical adjustment (AV) and
horizontal adjustment (AH) are respectively defined as the
total amount of vertical and horizontal shifts of the adjustable
instances as shown in (1) and (2). The horizontal flipping
(AF) is defined as the total number of flipped instances as
shown in (3). The pin-length extension (AP) is defined as
the sum of extended pin-lengths as shown in (4). The routing
(ML) is the sum of routed VIA/Metal elements (i.e., VIA12,
M2, VIA23, and M3). Each element has the same weight
in the calculation of ML because we separate the objective
functions for each type of element as shown in (5). CoRe-ECO
simultaneously optimizes these multiple objectives in light of
the “lexicographic” order described in (6). In other words, the
objectives are optimized according to the priority order given
by LexMin; for each given objective, this effectively induces
a single-objective optimization problem under the constraining
condition that optimizes the higher-priority objectives.

Vertical Adjustment (AV) : Z(|yt - yﬁrg\) (1)
teT
Horizontal Adjustment (AH) : Z(|xt — acfwg |) 2)
teT
Horizontal Flipping (AF) : Z l; 3)
teT
Pin-length Extension (AP) : > (wy,, X my,), @)
ep,r€E

Vp € PVt € T,V7r € tet(p)

Routing (ML{#VIA12, #M2, #VIA23, #M3}) 1 > my.
ey, u€EE
%)
E=Sets of each VIA12, M2, VIA23, and M3 Element

LexMin: (a) AV, (b) AH, (c) AF, (d) AP,
(e) ML {(1) #VIA12, (2) #M2, (3) #VI1A23, (4) #M3} (6)

FE. SMT Formulation

1) Placement Formulation: We utilize the conventional
floorplanning approach (i.e., Relative Positioning Constraint
(RPC)) for the placement problem [17]. All instance positions
in a specific placement row can be represented by two RPCs as
shown in Fig. 6(a). At least one of the two inequalities holds
for each pair t#s through the SMT expression described in
Algorithm 1. The maximum adjustable column boundary of
each instance ¢ is determined by the placement row y; due to
the different composition of clipped instances in each row as
shown in Fig. 6(b). These geometric conditions determine the
position and the flip status of the instance.

2) Dynamic Cell Allocation (DCA): Every pin in each
instance has its corresponding flow capacity variable C}, (p, )
for certain net n and commodity m on the corresponding
vertices of the placement grid, according to the shape and
relative position of the pin in the instance as well as the
possible adjustment range of each instance (see Fig. 7(a)).
When locations of instances are determined by the placement
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Fig. 6. Placement Constraints. (a) Relative positions between two instances
in the same placement row. (b) Boundary condition of each placement row.

Algorithm 1 Set RPC Constraint (Instances ¢, s)

1: if y¢ = ys then > t and s are on the same placement row
2 if vy >= x5 + ws then

3 Tt > Ts + Ws; > t is on the right side of s
4 else if z+ + wy < =5 then

5: xr +we < T > t is on the left side of s
6 else

7 Unsatisfiable condition;

8 end if

9: end if
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Fig. 7. Dynamic Cell Allocation (DCA).

formulation, the flow capacity variables of each instance’s
pins are conditionally assigned to the corresponding locations
according to the placement status of each instance (i.e., shifted,
flipped) as described in Algorithm 2. First, the coordinates of
each pin are determined by the location of each instance and
flip status (Lines 1-6). Then, all capacities C7 (p,r) outside
the range of each pin are assigned to zero (Lines 7-11) as
depicted in Fig. 7(b).

fm(v=pu=r)<Ch(pr),

Equation (7) associates the flow variable f” (v,u) with the
flow capacity variable C7",(p,r). Each f (v,u) is determined
by the routing formulation when vertex v is the internal pin
p, and the adjacent vertex u is the adjacent vertex r of p in
M1, M2 (ie., V1, V5). This enables our routing formulation
to recognize the feasible sets of r in V7, V, layers as routing
pins, as depicted in Fig. 7(c).

3) Pin-length Extension: We generate flow variables for
extendable pin candidates to enable pin-length extension when
finding a routable solution, as illustrated in Fig. 8. The extend-
able pins are generated in both up/down directions from the

Vr € a(p),Vr e Vo (7)



Algorithm 2 Set Flow Capacity Control Constraint (C, (p, 7))

/* x coordinate (resp. placement row) of a routing grid r: x, (resp. yr) */

TABLE II
STANDARD CELL ARCHITECTURES.

/* x coordinate (resp. placement row) of a pin p: Ty (resp. yp) * Cell Architecture Design Constraint
/* p is either source or sink of a net n and commodity m */ #Fin [#Routing Tracks|Cell Height| Design Rule |Pin accessibility
/% origin’s column, origin’s row, flipping of a instance i: iz,iy,i5*/ 3 6 8T EUV-Loose (EL) MPO3
/% x offset from the instance origin of a pin p: oz, (resp. oy,) */ 3 6 8T EUV-Tight (ET) MPO3
1: if i; = False then EUV-Loose (EL) l\l\ggg
2 Ty =g+ 0a, 2 4 ot : MPO2
3: else EUV-Tight (ET) MPO3
4: Tp =g — Oz
5: end if
6: yp =iy + 0y} | standard Cell Library (LEF) _|[Initial Detailed P&R Result (DEF)]
7. if (xcrn?é Tp) T (yr # yp) then ] | ECO w/ CoRe-ECO Framework
8: m(p,m) =0; ‘ LEF/DEF Converion |
9: else (pinLayout) [ ECO Result (DEF)
10: C? (p,r) is Determined by Routing Formulation; — No
11: end if g DRVs?
Yes
Switchbox?
— v
Wel!ght ! ‘ Switchbox G:rieration |
[ v1i/0Pin (pinLayout)
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Fig. 9. Grid-based conditional design rules. (a) MAR, (b) EOL, (c) VR.

uppermost/lowermost vertex of each I/O pin. We set different
weights for the extendable pin candidates, proportional to their
distance from the nearest I/O pins. These weights are used
as the priority in our objective function (Equation (4)) for
minimizing the total length of the extended pins.

4) Routing Formulation: We use multi-commodity network
flow and conditional design rules to formulate the DR problem,
following the same principles as [14]. The flow formulation
secures the routing path between the source and the sink
for each commodity. Specifically, the refined constraints for
commodity flow conservation and vertex exclusiveness in uni-
directional edges are implemented in our framework to reduce
the search space of the routing formulation. The conditional
design rules work as constraints to route using design-rule
violation-free paths. CoRe-ECO implements three fundamental
grid-based design rules?, namely, Minimum Area (MAR), End-
of-Line Spacing (EOL) and Via Rule (VR), as illustrated in
Fig. 9. MAR (Fig. 9(a)) defines the minimum number of grids
that should be covered by the metal segments. EOL (Fig. 9(b))
defines the minimum number of grids between two metal
segments. VR (Fig. 9(c)) defines the minimum distance (in
Ly norm) between vias.

3In this work, we assume sub-7mm technologies that are based on Extreme
Ultraviolet (EUV) lithography as in the previous work [4]. However, our
framework is applicable to additional multi-pattern-aware design rules, such
as Parallel Run Length (PRL) and Step Height Rule (SHR).

a Linux workstation with Intel (R) Xeon E5-2560L at 1.8GHz
and 128GB memory. The SMT Solver Z3 (version 4.8.5) [5]
is used to produce the optimized solution.

A. Experimental Environment

1) Standard Cell Library Preparation: Using an SMT-
based cell layout automation [26], we prepare six types of
standard cell libraries with various cell architecture and design
constraints presented in Table II. We adopt two design rule sets
that comprise combinations of specific design rule settings, as
follows. EUV-Loose (EL) consists of MAR/EOL/VR = 1/1/1.
EUV-Tight (ET) consists of MAR/EOL/VR = 1/2/1, inspired
by [4]. We also generate two different types of cell libraries
ensuring at least two and three I/O pin access points (i.e.,
MPO?2 and MPO3). Then, for design enablement, we convert
the primitive layout solutions of the SMT to LEF format.
We assume the contacted poly pitch (CPP), metal pitch (MP),
and cell height of 40, 40, and 280nm, respectively.* We also
generate three additional LEFs that have cells with pin-lengths
extended by 1, 2 and 3 grids, respectively, consistent with the
cell height of the corresponding standard cell library.

2) Place-and-Route (P&R): We validate our framework by
using four open-source RTL designs AES, JPEG, LDPC [24],
and IBEX [23]. We utilize M2-M 7 layers as BEOL (Back End
of Line). We assume the power/ground pins on M1 layer for
the initial detailed routing (DR). However, since our proposed
framework targets grid-based architecture and correction of

4Since the layouts are fully grid-based, we consider the CPP and MP as
pitches of grids.



TABLE III
EXPERIMENTAL STATISTICS. RT = THE NUMBER OF ROUTING TRACKS, DRSET = DESIGN RULE SET, MPO = MINIMUM PIN-OPENING PARAMETER, WL
= TOTAL WIRELENGTH, IMPR./INCR. = IMPROVEMENT/INCREMENT RATIO OVER ECO ROUTING, #V/#H/#F/#P = THE NUMBER OF REFINED INSTANCES
BY VERTICAL SHIFTING/HORIZONTAL SHIFTING/HORIZONTAL FLIPPING/PIN-LENGTH EXTENSION, RUNTIME = OVERALL ECO FLOW RUNTIME.

. . . Proposed CoRe-ECO Refinement

Design Cell Library ECO routing #Remaining DRVs WL #refinements #ECO |Runtime

Name | #nets | #cells |[RT |[DRSet| MPO [#DRVs| WL(um) |#DRVs| Impr. WL(um) Incr. [#V|#H | #F | #P |Round| (h)
13,958(13,694|6T| ET 3 40 46,272.16| 2 95.0% | 46,262.73|-0.020%| 2 | 17 | 5 | 36 3 9.2
13912]13,648[4T| ET 2 74 45968.76| 13 82.4%]| 45,958.58]-0.022% 3 | 32 | 31 | 60 5 9.9
AES [13,938]13,674]4T| EL 3 41 45,797.96] 0 100.0%| 45,781.98]-0.035%| 2 | 19 | 12 | 28 4 43
13,802]13,538[4T| EL 2 146 | 45,035.54] 56 61.6%| 45,025.73]-0.022%| 8 | 51 | 23 | 86 5 16
13,867[13,603/4T| ET 3 153 | 44,548.12] 44 71.2% | 44,528.05[-0.045% [25[104| 45 | 79 4 18.2
70,543]70,518|6T | ET 3 79 [144,905.98| 30 62.0%(144,892.66| -0.009%| 0 | 12 | 15 | 51 3 13.2
71,491|71,466|4T| EL 2 155 [134,901.91| 73 52.9% [134,893.09(-0.007% | 3 | 30 | 14 | 73 4 25.3
JPEG [71,177|71,152|4T| EL 3 37 [133,558.22] 18 51.4%[133,555.19[-0.002%| 2 | 14 | 8 | 18 3 2.8
70,932|70,907|4T| ET 2 198 [132,739.50| 132 33.3%132,738.24] -0.001%| 4 | 22 | 12 | 49 3 414
70,008]69,98314T| ET 3 68 [136,852.58] 42 38.2%(136,849.64] -0.002%| 1 | 13| 5 | 12 2 8.7
57,133|55,081|6T | EL 3 21 [732917.12] 8 61.9%(732,908.83]-0.001%|2 | 5 | 3 | 7 2 1.3
LDPC|[57,138]55,086[4T| ET 2 12 [737,957.04] 7 41.7%|737,955.47] 0.000%| 0 | 3 1 I I 0.24
57,106(55,054|4T| EL 3 90 [751,812.13] 53 41.1% [751,797.69(-0.002% | 7 |19 7 | 9 2 53
15,540(12,225|4T| EL 2 166 | 48,734.35] 56 66.3% | 48,730.00| -0.009% | 12| 40 | 16 | 80 5 15.8
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Fig. 11. Example trends of the number of DRVs by the ECO routing and the proposed CoRe-ECO iterations.

the pin accessibility-induced DRVs, we focus on M2-M3
layers assuming that M2 and M3 layers have the same metal
pitches. Two commercial tools [22] [25] are used to generate
the initial P&R layouts and to execute the following ECO
routing. In the commercial tool, we perform 20 iterations of
ECO routing until the commercial tool is unable to further
reduce the number of DRVs (i.e., #DRVs) for most of the
benchmark cases. The blue lines in Fig. 11 show the example
trends of #DRVs through the ECO routing iterations for four
representative cases from Table III (i.e., cases in bold). Note
that we compare our work with the results of ECO routing
because we are not able to fairly compare our work with the
previous works, [6], [8], [9], [11], [12], [15], [20], due to
() the different target design stage (i.e., DP optimization vs.
ECO) and (ii) the lack of exact experimental settings.

3) Setting up the Perturbation Range: We set the 1% of
worst slack cells and the routed nets connected to those cells as
fixed instances and obstacle elements, respectively. For the rest
of the instances, we set the perturbation range of the vertical
and horizontal adjustments to two placement rows and eight
poly pitches, respectively.

B. Design of Experiments

Fig. 10 illustrates an overview of the ECO flow utilizing our
CoRe-ECO framework. Given a cell library and initial detailed
P&R result, the new ECO round starts with converting these

layout information to a pinLayout format for the proposed
framework in the LEF/DEF Conversion step. Then, if there
exist any remaining DRVs in the non-overlapping regions, we
rip up the region and generate a switchbox representation in
the Switchbox Generation step. Note that the switchboxes in
the same ECO round cannot overlap because our framework
could change the P&R in each switchbox, and it also refers
to the horizontal/vertical obstacle regions for checking the
design rules on the boundary of each switchbox. Given the
switchbox representation, we generate an SMT code and solve
the problem through the CoRe-ECO SMT Code Generation
and SMT Solving steps. We iterate these refinement steps until
we find a routable solution or there are no remaining DRVs
or feasible switchboxes in non-overlapping regions. After the
iterations, in the SMT Solutions to DEF Conversion step,
we apply the DRV-clean solutions to the original DEF and
generate a revised DEF for the next ECO round or publish as
the final ECO result.

The ECO flow described above is fully automated, and each
sequence (i.e., switchbox generation to SMT solving) can be
executed in parallel through the multi-threaded operation. In
this work, up to 24 threads are used for all testcases. For
each DRV, our framework examines multiple switchboxes of
various sizes (i.e., 10 - 25 vertical tracks and 1 - 5 placement
rows) for several relative locations to the target DRV. The size
of a routable switchbox for each DRV varies according to the



TABLE IV

DETAILED EXPERIMENTAL RESULTS OF THE PROPOSED ECO FLOW (AES,
4T/ET/MPO2, 74 DRVS). #VTRACK/#ROW/#DRV/#NET/#PIN = THE
NUMBER OF VERTICAL TRACKS/PLACEMENT ROWS/DRVS/NETS/PINS IN

SWITCHBOX, /#TOTALINST./#ADJ.INST./#FIXEDINST. = THE NUMBER OF

TOTAL/ADJUSTABLE/FIXED OR CLIPPED INSTANCES IN SWITCHBOX,
#INST. = THE NUMBER OF PERTURBED INSTANCES, #V/#H/#F/#P = THE
NUMBER OF REFINED INSTANCES BY VERTICAL SHIFTING/HORIZONTAL
SHIFTING/HORIZONTAL FLIPPING/PIN-LENGTH EXTENSION.
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existing P&R results, routing congestion, and locations of the
adjacent DRVs. To minimize the perturbation of the placement
as well as the runtime of SMT Seolving step, our framework
increases the size of the switchbox from the minimum (i.e.,
10 vertical tracks x 1 row) to the maximum (i.e., 25 vertical
tracks x 5 rows) in Switchbox Generation step until it finds
a routable solution or fails.

C. Experimental Results

1) Statistics on the Proposed ECO Flow: Table III summa-
rizes the experimental statistics of the proposed ECO flow for
benchmark cases which consist of four base design circuits
synthesized with various cell libraries described in Table II.
Column “ECO routing” represents the total number of DRV
(i.e., #DRVs) in target layers (i.e., M2-M3) and the total
wirelength (i.e., WL) after the 20 iterations of ECO routing.
The target DRVs mainly include “Cut Spacing” on M1-M2
layers and “Metal End-of-Line Spacing”, and ‘“Metal Short”
on M2-M3 layers. Our CoRe-ECO framework reduces the
remaining DRVs after ECO routing by 58.6% on average,
with reductions ranging from 33.3% to 100.0%. Fig. 11
shows the trend of #DRVs versus iterations of ECO routing

)

2nd/3rd CRe-ECOs (29 RVs fixed) 4t/5th CoRe—ECOs 4 RVs fixed)
Fig. 12. DRV reductions by CoRe-ECO rounds for AES (4T/ET/MPO?2).

(i.e., the blue line), along with the following CoRe-ECO
flow (i.e., the orange line) for four representative cases of
each base benchmark circuit from Table III (i.e., cases in
bold). The figure demonstrates that our framework can further
improve the routability with the concurrent cell refinements
and the routing optimization. The reduction of the average
total wirelength by 0.003% shows that our framework has
successfully minimized the wirelength despite the refinement
of cell placement and pin-length extension. We observe that
the number of ECO rounds and the total runtime depend
on #DRVs and the benchmark circuit configurations. For all
benchmark cases, CoRE-ECO performed 3.3 ECO rounds on
average with an average runtime of 11.5 hours.

Table IV presents the detailed refinement results of the
AES benchmark circuit with 4T/ET/MPO2 cell library and
74 DRVs. The total of 5 ECO rounds with 42 switchboxes
have been performed to resolve 61 out of all 74 DRVs. The
average number of vertical tracks, placement rows, and DRV
in the switchboxes are 16.6, 1.1, and 1.5, respectively. Each
switchbox includes 5.0 total/3.3 adjustable/1.6 fixed or clipped
instances and 11.9 nets/28.5 pins on average. Through the 5
rounds of ECO flow, 126 out of 139 adjustable instances have
been perturbed in the placement or the length of pins. 6 out of
42 ECO cases have been fixed without any perturbation. And
7 and 7 cases require the extension of pin-lengths or the re-
placement of instances, respectively. The remaining 22 cases
are routable by only changing both instance placement and
pin-lengths. The average runtime per switchbox is less than 3
minutes and the switchboxes up to 18x34 vertical/horizontal
tracks, 7 adjustable instances, 33 nets, and 71 pins (i.e., Index
38) have been solved within 31 minutes. Fig. 12 shows the re-
duction of DRVs in full-chip layouts by multiple ECO rounds
utilizing CoRe-ECO framework, displayed by a commercial
tool [22]. The yellow circles indicate regions with DRVs.

2) Example Refinement Operations: Fig. 13 shows an ex-
ample of refinement operations in our proposed ECO frame-
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Fig. 13. Example of refinement operations in the proposed ECO flow (Index
38 case in Table IV). (a) Switchbox with 3 DRVs. (b) Routable solution with
placement adjustments and pin-length extensions.

work. Fig. 13(a) depicts a switchbox of index 38 case in Ta-
ble IV. The switchbox consists of 7 adjustable / 6 clipped(i.e.
fixed) cell instances with 3 ‘M3 Short” DRVs in 18x34
vertical/horizontal tracks. Fig. 13(b) illustrates the DRV-clean
solution with the refinement operations (i.e., placement ad-
justment and pin-length extension) and the optimized routing
in terms of the metal length. Note that the elements in gray
color represent the obstacles inside the switchbox and M1
I/O pins are not displayed in Fig. 13(b). The pre-routed wires,
that (i) are connected to the fixed instances or (ii) have no
internal connection inside the switchbox or (iii) exist outside
the switchbox, are regarded as obstacles.

Placement Adjustment. The placement of the instance 12 in
Fig. 13(b) has been adjusted from the placement row 0 to 1
and horizontally shifted from the vertical track 12 to 10. The
instance 10 has shifted in the same placement row from the
vertical track 8 to 10. Instances 10 and I5 have been flipped
on the same placement locations.

Pin-length Extension. The I/O pins of the instance 11, 13,
and I5 in Fig. 13(b) have been extended by 1-2 to maximize
the pin accessibility. In the proposed ECO flow, the respective
master cell of each of these instances is replaced with the
additional master cell with extended pin-lengths, in the SMT
Solutions to DEF Conversion stage.

IV. CONCLUSION

We have described a novel concurrent refinement frame-
work for the automated ECO flow. Our framework provides
simultaneous and perturbation-minimized refinements of DP-,
DR-, and cell-optimized layout solutions to address the DRV
during the ECO stage. By ripping up and refining a local
window of the whole layout design, CoRe-ECO is capable of

achieving a DRV-clean layout solution. We have demonstrated
that our framework successfully resolves an average of 58.6%
(range: 33.3% to 100.0%) of remaining post-ECO route DRVs
on M1-M3 layers, across a range of benchmark circuits with
various cell architectures, with no adverse effect on total routed
wirelength (average of 0.003% reduction).
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