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Simultaneous Escape Routing (SER) is escaping of circuit pins simultaneously from inside
two or more pin arrays. This is comparatively difficult as compared to routing in a single
array and has not been addressed by previous studies. The increase in pin array
complexity has made the manual SER in PCBs a very inefficient and tedious task and there
surely is need for the automated routing algorithms. In this work we propose network flow
based optimal algorithm that uses integer linear program to solve SER problem and area
routing problem in two stages. In the first stage, pins are escaped to the boundaries of pin
arrays simultaneously. These escaped pins are connected with each other in the second
stage. The proposed algorithm is tested for different benchmark sizes of grids and the
results show that it is not only better in terms of routability but also outperforms existing
state of the art algorithms in terms of time consumption. The existing algorithms either
fails to achieve higher routability or have larger time complexities. Whereas the proposed
algorithm achieves 99.9% routability and it is also independent of grid topology and
component pin arrangement which shows the superiority of proposed algorithm over the
existing algorithms.
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ABSTRACT10

Simultaneous Escape Routing (SER) is escaping of circuit pins simultaneously from inside two or more

pin arrays. This is comparatively difficult as compared to routing in a single array and has not been

addressed by previous studies. The increase in pin array complexity has made the manual SER in PCBs

a very inefficient and tedious task and there surely is need for the automated routing algorithms. In

this work we propose network flow based optimal algorithm that uses integer linear program to solve

simultaneous escape routing problem and area routing problem in two stages. In the first stage, pins

are escaped to the boundaries of pin arrays simultaneously. These escaped pins are connected with

each other in the second stage. We tested the proposed algorithm for different benchmark sizes of grids

and the results show that it is not only better in terms of routability but also outperforms existing state of

the art algorithms in terms of time consumption. The existing algorithms either fails to achieve higher

routability or have larger time complexities. Whereas the proposed algorithm achieves 99.9% routability

and it is also independent of grid topology and component pin arrangement which shows the superiority

of proposed algorithm over the existing state of art algorithms.
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INTRODUCTION24

Printed circuit boards (PCB) support and connect the electrical components and provide conduction25

between them. Design of PCB is one of the most important things in electrical circuit and plays a vital26

role in performance of the circuit. There are multiple Integrated circuits (ICs) which are placed on the27

PCB and ever evolving manufacturing techniques have increased the complexity of these ICs and PCBs.28

The enhanced manufacturing techniques have not only reduced the size of the package but, have also29

exponentially increased the number of pins in an IC. The footprints of ICs have shrunk in size while the30

number of pins have increased. Around 2000 pins are present in the modern day high end packages Yan31

et al. (2012) with very small routing resources. This makes the footprint of an IC a very dense entity and32

manual routing becomes a hectic task in such a dense environment. Some other constraints, in addition33

to the PCB density, such as planar and pairwise routing, and length matching Lee W Ritchey (2006);34

Mitzner (2009) are also inflicted upon PCB routing.35

These constraints combined together with the increasing density of the packages impose a bigger36

challenge on the PCB routing and therefore, take manual routing out of the consideration. This is where37

the automated routers come into the play for the solution of these issues and are currently used for the38

PCB routing. Automated routers help solve various PCB routing problems including escape routing and39

the area routing problem. The escaping of pins to the array boundary is known as escape routing and40

connecting these escaped pins in the intermediate area is known as area routing. Escape routing and41

area routing together play very important role in PCB routing. The pins on boundary of a pin array can42

easily be escaped and connected to their corresponding pins by keeping the via constraint in mind. But43

there are many pins which are inside the pin array and they cannot be connected directly and have to be44

escaped towards the boundary first which is known as escape routing problem. Escape routing problem is45
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one of the critical challenges in the PCB design because the modern ICs have a pin array that contains46

a large number of pins. The studies show that escape routing has three different types Yan and Wong47

(2010); Yan et al. (2012) namely Unordered Escape, Ordered Escape and Simultaneous Escape Routing48

(SER). Ordered and unordered escape routing consider a single pin array while two ICs are considered49

simultaneously in SER.50

Simultaneous escape routing (SER) is relatively less explored as compared to the ordered and51

unordered escape routing. SER is also considerably difficult to achieve because of the reason that instead52

of a single IC, there are two ICs in SER and their pins need to be escaped simultaneously so that they53

could be connected to each other. There are very few studies on SER, however Ozdal et al. (2007) can54

be considered as the pioneer as this work consider two pin arrays simultaneously for the first time and55

minimize the net ordering mismatch. This work generated different patterns for a single pin and then56

selects one of the patterns such that the mismatching in net ordering along the boundaries is minimized.57

They used polynomial time algorithm for smaller problems and use randomized algorithm approach for58

routing in the case of larger problems without the inclusion of performance constraints Ozdal et al. (2007).59

Some heuristic solutions Lee et al. (2013); Chin and Chen (2013) have also been proposed for SER60

problem via using boundary and planar routing. Either too much time is consumed by these solutions61

or the achieved routability is less than acceptable percentage. In our recent study Ali et al. (2017), we62

propose the solution to routability problem through a network flow approach where we introduce two63

different models; one is based on the links and second on nodes. They are introduced to solve SER64

problem in PCBs through optimization technique. The models are successful in routing over small grids65

but consumed too much time when run over the larger grids.66

In this work, we extend our previous study Ali et al. (2017) in order to solve both the problems67

including SER and area routing while considering time and routability constraints for smaller as well as68

larger grids. In our previous work, we did not consider larger grids. This research propose an optimal69

routing algorithms for both SER and area routing for smaller and larger grids. The proposed algorithm70

uses the network flow approach to develop an integer linear program for solution of these two problems.71

The problems of simultaneous escape and area routing are solved in multiple stages. Two different integer72

linear programs are developed for these two stages. The first program simultaneously escapes the pin73

from inside of both the pin arrays in order to reach the boundary of pin arrays. The second program74

fetches the results from first program and the purpose of second program is to connect the escaped points75

with each other.76

Existing SER solutions suffers from various challenges including fixed pattern generation and higher77

time complexity. Some solutions in literature also lead to the pin blockage problem and resource wastage.78

These studies employed randomized approaches and heuristic algorithms but fail to provide efficient79

solution. In this study, we provide an optimal solution having a time complexity of under a minute along80

with 99.9% routability for the problem of SER in the printed circuit boards. This shows that the proposed81

solution is better than the solutions existing in the literature in terms of routability, time complexity and82

computational costs. Followings are the contributions of this work:83

• Mapping of the PCB routing problem to network flow routing problem,84

• Proposal of an algorithm for solution of SER that uses an integer linear program and provides85

optimal solution,86

• Proposal of an algorithm for area routing that uses an integer linear program and provides optimal87

solution,88

• Linkage between the proposed algorithms to obtain the end-to-end routing,89

• 99.9% routability for pins,90

• Reduction of time complexity.91

Rest of the paper is organized as: Related literature is described in the next section followed by92

problem formulation. Then proposed network flow approach and dual node based routing are detailed.93

We finally discuss results before concluding the work.94

RELATED WORK95

PCBs are widely used for the modern age electric circuits fabrication. The design of a PCB plays a vital96

role in the performance of electric circuits. The ever evolving technology has not only reduced the size of97
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ICs that are to be placed on the PCBs but has also increased the pin count of ICs. This makes the process98

of manual PCB routing a very hectic task and demands automated PCB routing. The problems that are to99

be solved in the PCB routing are escape routing, area routing, length matching, and number of layers that100

are to be used. Many studies in the literature have addressed these routing problems related to the PCBs.101

Some studies have proposed the heuristics algorithms to obtain a length matching routing Zhang102

et al. (2015b) and others have used differential pair escape Li et al. (2012, 2019), single signal escape103

routing Wu and Wong (2013) or both Wang et al. (2014) for escape routing along with addressing the104

length matching problem. The most notable technique used for the PCB routing is optimization. There105

are various studies in literature that have mapped different PCB routing problems to the optimization106

problem such as longest common interval sequence problem Kong et al. (2007), multi-layer assignment107

problem Yan et al. (2009), network flow problem Sattar and Ignjatovic (2016), pin assignment and escape108

routing problem Lei and Mak (2015), and maximum disjoint set of boundary rectangles problem for bus109

routing Ahmadinejad and Zarrabi-Zadeh (2016). A recent study has proposed a routing method that is110

based upon maze and it uses a hierarchical scheme for bus routing and the proposed method uses a rip-up111

and re-route technique as well in order to improve the efficiency Chen et al. (2019).112

There are different problems to be solved in the PCB routing as discussed earlier and one of the113

most important problem among these is the escape routing where the pins from inside of an IC are to114

be escaped to the boundary of IC. Many studies in the literature have proposed solutions for escape115

routing problem among which some have considered single layer Lei and Mak (2015) in the PCB while,116

multiple layers Bayless et al. (2016); Zhang et al. (2015a) have also been considered. There are studies117

that only consider escape routing McDaniel et al. (2014) while, there are some studies which consider118

other problems like length matching Zhang et al. (2015b); Yan (2015); Chang et al. (2019) along with the119

escape routing as well. Some have used staggered pin array Ho et al. (2013a,b) while others have used120

grid pin array Jiao and Dong (2016) as well. Apart from electrical circuits, escape routing is also used for121

designing micro-fluid biochips PCBs McDaniel et al. (2016). The most widely used technique for the122

solution of escape routing is the optimization theory and it has been used for the past many years and123

also been employed by the current studies Katagiri et al. (2016); Serrano et al. (2016); Ahmadinejad and124

Zarrabi-Zadeh (2016).125

The problem of escape routing is not the only problem to which the optimization theory provides126

solution to. The optimization theory has also been deployed by several other fields in which routing of127

packets in the wireless networks is the most prominent one. There is a recent study in which optimization128

theory is used in the wireless sensor networks (WSNs) for the smart power grids Kurt et al. (2017).129

The authors have proposed a novel mixed integer program with the objective function of maximizing130

the lifetime of a WSN through joint optimization of data packet size and the transmission power level.131

Apart from wireless sensor networks, the rechargeable sensor networks also face the problem of energy132

harvesting. Optimization techniques have also been used in these types of networks in order to jointly133

optimize the data sensing and transmission and achieve a balanced energy allocation scheme Zhang134

et al. (2015c). The optimization theory is also used in addressing the power optimization issues of the135

communication systems to fulfill the different demands of different message types regarding the QoS,136

length of packet and transmission rates ?. The optimization theory has also been used to increase the137

efficiency of the urban rail timetable Xue et al. (2019). The authors propose a nonlinear integer program138

in order to obtain a rail timetable which is efficient. The model is then simplified into an integer program139

with a single objective. A 9.5% reduction in wasted capacity is achieved through the use of a genetic140

algorithm in this study.141

The application of optimization theory is not only limited to the fields of communication and network-142

ing but it is also been used in the vehicle routing problem Thongkham and Kaewman (2019), network143

reconfiguration for Distribution Systems Guo et al. (2020), microgrid systems Wu et al. (2019), distributed144

energy resource allocation in virtual power plants Ko and Joo (2020), control of humanoid robots Tedrake145

(2017), smart grid ecosystem Koutsopoulos et al. (2016) and Computation of the Centroidal Voronoi146

Tessellations (CVT) that is widely used in the computer graphics Liu et al. (2016). Ozdal et al. Ozdal147

and Wong (2004, 2006) can be regarded as the initial work on SER as they consider two pin arrays148

simultaneously and minimize the net ordering mismatch. There are some studies in the literature that have149

proposed a simultaneous pin assignment Xiang et al. (2001); Wang et al. (1991), Ozdal et al. Ozdal and150

Wong (2004, 2006) propose a methodology to escape the pins to boundaries in such a way that crossings151

are minimized in the intermediate area. Polynomial time algorithm is used for smaller problems and152
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randomized algorithm approach is proposed for routing in the case of larger examples.153

It is stated that the routing resources available inside the pin array are less as compared to the routing154

resources that are available in the intermediate area. This is because of the reason that pins are densly155

packed inside the pin array. Also, using vias is not allowed within the pin array and the routing inside156

pin array must be free from conflicts and overlapping. Via usage is allowed in the intermediate area as157

opposed to the pin arrays. The problem is formulated as to find out best escape routing solution within158

the pin array so that the conflicts in intermediate area are minimized. There are two phases to solve the159

problem. In the first phase, a single layer is taken at a time and maximum possible non conflicting routes160

are packed on that layer. The conflicted routes are routed on the next layer and hence, escape routing is161

completed in this manner Ozdal and Wong (2004, 2006).162

In the second phase of problem solution, a congestion based net-by-net approach is used for routing in163

the intermediate area. Routing conflicts are allowed at the beginning and optimal solution is found by164

rip-up and re-route approach. The ripping up of routes that are formed in the first phase is discouraged165

and in order to find a conflict free route for all pins which is obtained eventually. A number of routing166

patterns are defined for each net and a polynomial time algorithm is proposed in order to choose the best167

possible combination from all the given possible routing patterns. The results for different industrial data168

sets are obtained which show that optimal routes are increased and time required for routing is decreased169

as compared to other algorithms. Although it is a good approach, but 99.9% routability is not achieved170

in the escape routing problem and too much time is taken in the area routing problem Ozdal and Wong171

(2004, 2006).172

Same authors propose an algorithm in Ozdal et al. (2007) to solve the escape routing problems in173

multiple components simultaneously. Some design constraints have also been considered along with174

routing. The escape patterns considered in this algorithm are more generalized in comparison to the175

algorithm proposed in their previous research Ozdal and Wong (2004). The objective is to minimize the176

crossover in intermediate area, hence less via usage. For smaller circuits, results given by their proposed177

randomized algorithm are within 3% of optimal solution, but optimal solution is not achieved in the case178

of larger circuits due to time complexity. They have also assumed fixed pattern generation which can179

be successful in the case of smaller circuits where components are well aligned, but complex problems180

cannot be solved easily by using these approaches Ozdal and Wong (2004); Ozdal et al. (2007). B-Escape181

Luo et al. (2010); Luo et al. (2011) solves this issue by removing the consumed routing area by a pin and182

shrinking the boundary. B-Escape reduced the time complexity and also increased the routability but, it183

can cause pin blockage when certain area is removed and boundaries are shrunk. Also, the time taken to184

solve most of the problems is still greater than one minute which is not optimal and needs to be reduced185

further than that Luo et al. (2010); Luo et al. (2011).186

In addition to the above mentioned studies, other techniques have also been used in the literature for187

SER solution and one of them is negotiated congestion based routing scheme Qiang Ma et al. (2010)188

. Negotiated congestion based routing already has its application in FPGA routing. However, it is not189

being used for solving SER problem. A negotiated congestion based router is proposed which applies the190

negotiated congestion routing scheme on an underlying routing graph. In negotiated congestion approach,191

all pins are forced to negotiate for a resource which is the routing space in case of PCB. The pin needing192

most resources is determined. Some resources are shared between pins and these pins are routed again and193

again iteratively till no resources are shared among the pins. Results have been compared with Cadence194

PCB router Allegro and it was found that proposed router is able to achieve 99.9% routability in case195

of such circuits which are not routed completely by the Allegro. Time consumption is also less, but the196

issue is that there are some examples in which the proposed router is not able to achieve 99.9% routability197

while Allegro is able to achieve. It is proposed that the router should be used in collaboration with Allegro198

so that all the problems can be solved.199

There is another research Yan et al. (2011) which uses ordered escape routing in order to solve the200

SER problem. The SER problem is solved by determining the net order. A bipartite graph is created on201

the basis of location of escape pins and transformation of net numbers is done. After doing SER, the net202

numbers are recovered. Basically, the orders of escape nets are found along the boundary in such a way203

that there is no crossover in the intermediate area. This approach achieves 99.9% routability along with204

reduction in time consumption, but the achieved net order is not routable in all cases. This approach can205

fail in some specific cases where the ordering proposed by the approach is not routable. Quite recently,206

net ordering has been incorporated with the SER through proposal of a novel net ordering algorithm in207
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order to reduce the running time Sattar et al. (2017). Recently, we have proposed the solution to this208

problem through a network flow approach Ali et al. (2017). We proposed the solution to this problem209

through a network flow approach where we introduced two different models; one is based on the links and210

called Link based routing, while the other is based on nodes and is called Nodes based routing. They are211

introduced to solve SER problem in PCBs through optimization techniques. The models were successful212

in routing over small grids but consumed too much time when run over the larger grids.213

As per our findings, the SER has been explored by these studies and they have provided some good214

solutions with various limitations. There are some major issues that still seem to be unresolved and they215

include fixed pattern generation and time complexity. Most of these studies are unable to solve problems216

like pin blockage and resource under utilization. The studies have used randomized approaches and217

heuristic algorithms and optimal solutions are not provided. In this study, we provide an optimal solution218

having a time complexity of under a minute along with 99.9% routability for the problem of SER in the219

PCBs.220

PROBLEM FORMULATION221

The number of pins in an IC has been increased considerably and the footprint of an IC has shrunk222

in recent years making the escape routing problem very difficult. The studies in literature have used223

randomized approaches and heuristic algorithms to solve the escape routing problem which have not been224

able to reduce time complexity, achieve 99.9% routability, and provide optimal solutions. The problem of225

SER has been solved in this study through proposal of an optimal algorithm that not only achieves the226

99.9% routability but also consumes very less time and memory to find out the optimal solution.227

The problem of SER basically boils down to connection of pins of two components. There are many228

components on a PCB but there are also many layers available for routing of these components. We solve229

this problem by taking two components at a time and producing the best possible routing solution for230

them. The routing of two components can be generalized for multiple components. The basic problem is231

to escape the pins from inside the pin array of two components and then to connect them by using area232

routing. As the size of a pin array is very small and routing resources are very less inside the pin array so233

vias cannot be used inside the pin array and all the pins inside pin array must be routed on a same layer.234

Once these pins are escaped onto the boundary, different layers can be used for their routing to avoid the235

conflicts in area routing.236

The problem is formulated such that these conflicts in the intermediate area are minimized and least237

possible vias are used. The problem can be understood with the help of illustrations. Three ICs can be238

seen in the Figure 1, in which some pins are represented with lines inside a hollow circle. Different239

patterns of the lines inside hollow circles can be seen. The pins represented by same patterned circles240

have to be connected with each other. The pins represented by the simple lines inside the hollow circle241

have to be connected with the pins represented by the simple lines inside the hollow circle and the pins242

represented by the crossed lines inside the hollow circle have to be connected with the pins represented by243

the crossed lines inside the hollow circle. Before connection, these points have to be escaped towards the244

boundary first as shown in Figure 2.245

It can be seen in the Figure 2 that all the pins have been escaped to the boundary of pin arrays without246

any conflicts inside the pin array, but there is a conflict route in the intermediate area as shown in Figure 3.247

In this situation, one of these routes will be routed on the same layer while the other will be left to be248

routed on the second layer as shown in Figure 4. This shows that the basic problem is to escape the pins249

from inside of the pin array on the same layer and then connect these escaped pins by using minimum250

possible layers in the intermediate area. For this purpose, the pins will be escaped to the boundary in such251

a way so that conflicts are minimized in the intermediate area. For the sake of simplicity, routing is done252

only on a single layer. So the problem can be stated as:253

“ To simultaneously escape the pins from inside the pin arrays to the boundaries and connect the escaped254

pins while achieving 99.9% routability and minimizing the time required ”255

NETWORK FLOW APPROACH256

The problem formulated in the previous section was to escape the pins from inside the pin arrays to257

the boundary of pin arrays and then to connect them in the intermediate area. The components whose258
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pins are to be connected are placed on a board in a manner which is shown in the Figure 5. The square259

boxes and remaining points in the Figure 5 represent the ICs and grid points for intermediate area routing260

respectively. The Objective is to connect these pins with each other by first escaping them from inside of261

the IC simultaneously and then connecting the escaped pins together. This issue is similar to the traffic262

flows in a network and hence, it can be mapped to a network flow problem. In the network, a node needs263

to communicate with another node and hence there is a need to establish a route between them. Similarly,264

the pins in our problem can be considered as nodes of a network the connection between them can be265

considered as a route. The purpose is to create a route from one node to another node i.e. connect two pins266

with each other. A grid is shown in Figure 5 and this grid is similar to a network grid and there multiple267

nodes in that network in a mesh topology.268

Different types of pins are shown in Figure 6 with the help of circular points where the pins that need269

to be connected are shown with a hollow circle and crossed lines inside the circles. The filled circles show270

the intermediate nodes through which these pins can be connected to each other. In terms of the network271

flow, these cross lined hollow circles are considered as the source and destination nodes while the filled272

circles are considered as the intermediate nodes. The objective is to create a route from the source node273

towards the destination node by making use of the intermediate nodes. There can be multiple pins that274

need to be connected with each other and hence, there can be multiple source-destination pairs and these275

pairs are considered as flows in the network.276

These pairs of pins can be mapped to a network flow. The immediate neighbors of a source and277

destination pin are also mapped to the neighboring network nodes. As there is a link between network278

nodes, this link is considered as the pin connection. The Table 1 shows how the mapping from the routing279

in a PCB to flows in a network is carried out. The terms related to PCB routing are mentioned in the PCB280

Routing column and their mapping to network flow is shown in the Network Flow column.281

DUAL MODEL NODE BASED ROUTING282

The problem of SER and area routing has been solved in two stages with the help of two different integer283

linear programs. We name this approach as dual model node based routing. The dual model node based284

routing has two stages and these stages are named as local routing and global routing. The pins of pin285

arrays are escaped to the boundary of pin arrays in the first stage which is known as local routing. These286

escaped pins are then connected with each other in the second stage which is known as global routing.287

The concept of local and global routing is explained as follows:288

• Local Routing,289

• Global Routing.290

This idea of local and global routing of this approach can be understood with the help of Figure 7:291

Local Routing The grid was divided into two parts as it can be seen in the Figure 7. The hollow circles292

represent the points that are used in the local routing. Idea is to escape the points that are to be connected293

to one of the boundary points. The filled circles on the boundary of hollow circles are the boundary points.294

When the desired points have selected a boundary point each, then these boundary points are saved and295

their coordinates are passed to the second model through a script. The script checks for those points for296

which boundary points are selected and then saves those boundary points as source and destination points297

for the second model. This is called as the Local routing.298

Global Routing The work of first stage known as local routing ends after escaping the desired points to299

the boundary points. The second model starts working from there and the source and destination boundary300

points are connected through second model of this approach. This is called the Global routing. End-to-end301

routing with less memory consumption is ensured by these two models together.302

Addressing Link Based and Node Based Routing Issues303

Memory consumption is the main issue with the link based and node based routing proposed in our304

earlier work Ali et al. (2017). There are large number of the variables used in those approaches and as305

the number of grid points increase, the memory consumption also increases. These issues are solved306

by the dual model node based routing proposed in this paper which not only divides the total memory307

consumption between two models known as local routing and global routing but, also ensures the solution308
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Algorithm 1 : Local Routing Model

1: Decision variable = X [a,b]

2: Number of variables = a x b

So in the first model of this approach, the decision variable is:

3: X [flows, connecting points]

For the 10 x 10 grid:

4: Flows = 1, connecting points =36

So the number of variables became:

5: Variables = flows x connecting points

6: Variables = 1 x 36 = 36

with unique routes. For a simple 10 x 10 grid, the number of variables used in the dual model node based309

routing can be calculated by using algorithm 1. Local routing model of the dual model node based routing310

used 36 variables. The number of variables in the global routing model can be calculated a presented in311

algorithm 2.312

Algorithm 2 : Global Routing Model

1: Decision variable = X [a,b]

2: Number of variables = a x b

So in the second model of this approach, the decision variable is:

3: X [flows, connecting points]

For the 10 x 10 grid:

4: Flows = 1,connecting points =64

So the number of variables became:

5: Variables = flows x connecting points

6: Variables = 1 x 64 = 64

The total number of the variables in both models is 100 which is equal to the number of variables used313

in the node based routing proposed in our previous study Ali et al. (2017) but, these variables are divided314

among two models and are solved separately. Hence there is no issue of memory consumption and the315

end to end route with uniqueness is also ensured by the dual model node based routing. The mathematical316

model and the related terminology of dual model node based routing is explained in the next section.317

Terminology and Mathematical Model318

The Table 2 shows the terminology that is helpful in understanding the dual model node based routing.319

The local routing algorithm of the dual model node based routing is explained in algorithm 3 and it uses320

the constraints which are detailed in algorithm 3. A flowchart for algorithm 3 is shown in Supplementary321

Figure 1.322

Algorithm 3 : Local Routing Model

1: The source and destination points must be selected

2: One neighbour of the source and destination point must also be selected

3: If a point is selected,other than source and destination, then two of its neighbors must also be selected

4: Not more than two neighbours of a point must be selected

5: At least one boundary point for each flow must be selected

6: At least one boundary point for the destination of each flow must be selected

7: A point should not be selected for more than one flow

8: Subject to:

min ∑
(i, j)εSD

∑
(l,m)εP

Xi, j,l,m

Constraints for Local Routing Model323

The objective function of Local Routing Model is as follows:324
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min ∑
(i, j)εSD

∑
(l,m)εP

Xi, j,l,m325

subject to:326

Xi, j,i, j = 1,∀(i, j)εLF (1)

∑
(l,m)εN(LF)

Xi, j,l,m = 1,∀(i, j)εLF (2)

The equation 1 makes sure that the starting point for a particular flow is selected. The equation 2327

makes sure that one of the neighbors of that starting point must be selected. This is used in order to start328

the routing from source and keep it moving towards its neighbor.329

These equations (1, 2) start the flow but do not make sure that it will continue towards the boundary330

points. We have used three equations for that. The equations 3, 4 and 5 ensure the continuity of flow331

towards the boundary points and also make sure that a neighbor which is already selected, does not get332

selected again. This is used to make sure that flow does not go back towards source.333

2×Xi, j,l,m ≤

∑
(a,b)εN(l,m)

Xi, j,a,b,∀(i, j)εLF,∀(l,m)εCP−LF (3)

∑
(c,d)εN(l,m)

Xa,b,c,d ≤ 2,∀(a,b)εLF,∀(l,m)εCP (4)

∑
(l,m)εBP

Xi, j,l,m = 1,∀(i, j)εLF (5)

Now, we have the routed the source points towards the boundary points but we also need an equation334

that routes the same destination points to the boundary points. Therefore, we use the same equations for335

the destination points which were used for the source points. The equation 6 and equation 7 make sure336

that the destination points of the flow are selected along with one of their neighbors. This is done to make337

sure that the route starts from destination point and move towards one of its neighbors.338

Xa,b,a,b = 1,∀(i, j)εLF,∀(a,b)εD(LF) (6)

∑
(l,m)εN(a,b)

Xa,b,l,m = 1,∀(i, j)εLF,∀(a,b)εD(LF) (7)

The equations 8, 9 and 10 and 11 ensure the continuity of flow of destination point towards the339

boundary points. The previously mentioned equations only selected the destination point and one of the340

neighbors but, these equations make sure that an already selected neighbor is not selected again and the341

route continues to flow towards the boundary points.342

2×Xi, j,l,m ≤ ∑
(a,b)εN(l,m)

Xi, j,a,b,∀(l,m)εCP−D(LF) ,∀(i, j)εD(LF) (8)
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∑
(c,d)εN(l,m)

Xa,b,c,d ≤

2,∀(a,b)εD(LF) ,∀(l,m)εCP (9)

∑
(l,m)εBP

Xa,b,l,m = 1,∀(a,b)εD(LF) (10)

∑
(i, j)εSD

Xi, j,a,b,∀(i, j)εLF,∀(a,b)εCP (11)

Constraints for Global Routing Model343

The global routing algorithm of the dual model node based routing is explained in algorithm 4 and it uses344

the following objective function and constraints in equations 12 & 13. A flowchart for algorithm 4 is345

shown in Supplementary Figure 2.346

Algorithm 4 : Global Routing Model

1: The source boundary point must be selected

2: The sum over all the neighboring boundary points of the source boundary point must be less than one

3: If a boundary point is selected,other than source and destination boundary points, then two of its

neighboring boundary points must also be selected

4: Not more than two neighbors of a boundary point must be selected

5: The destination boundary point must also be selected

6: A boundary point should not be selected for more than one local flow

objective function:347

max ∑
(i, j)εLF

∑
(c,d)εN(startx[i, j],starty[i, j])

Yi, j,c,d348

The local routing model has selected the boundary points for both the source and destination points.349

The local routing model has provided these boundary points to the global routing model. Now, it is the350

responsibility of the global routing model to connect these boundary points together. The first step is to351

select these boundary points and the equations 12 and 13 ensure that the boundary points provided by the352

local routing model are selected in the global routing model.353

subject to:354

Yi, j,startx[i, j],starty[i, j] = 1,∀(i, j)εLF (12)

Ya,b,endx[a,b],endy[a,b] = 1,∀(a,b)εLF (13)

After the selection of boundary points, the next step is to select one of the neighbors of the source355

boundary points and then continue the flow towards the destination boundary points. The equations 14, 15356

and 16 are used to ensure the continuity of the flow from source boundary point to destination boundary357

point.358

∑
(c,d)εN(startx[i, j],starty[i, j])

Ya,b,c,d ≤ 1,∀(a,b)εLF (14)
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2×Ya,b,l,m ≤ ∑
(c,d)εN(l,m)

Ya,b,c,d ,

∀(a,b)εLF,∀(l,m)εBP−SDBP(LF) (15)

∑
(c,d)εN(l,m)

Ya,b,c,d ≤ 2,∀(a,b)εLF,∀(l,m)εBP (16)

There is a possibility that two or more than two flows will select a same point in their route. This359

possibility will cause the crossover and uniqueness of the routes will be affected. These chances of flows360

crossover in the second model is avoided by equation 17.361

∑
(i, j)εLF

Yi, j,a,b ≤ 1,∀(a,b)εBP (17)

The issues of memory consumption and the route uniqueness are solved by the dual model node based362

routing. Apart from that, very small time was consumed to find out the optimal path. In the next section,363

some results are included to support the models proposed.364

RESULTS AND DISCUSSIONS365

The dual model node based routing is composed of two separate stages. The pins are simultaneously366

escaped to the boundary of the pin arrays in the local routing stage and these escaped pins are connected367

with each other in the global routing stage. A Mathematical Programming Language (AMPL) is used to368

write the script of the algorithm and Gurobi solver is used to solve the algorithm. There are also other369

solvers available apart from Gurobi but Gurobi is the best among all of them in terms of calculation370

time and optimality. The dual model node based routing is based upon Integer Linear Programming371

approach and for Integer Linear Programming approach, Gurobi, Bonmin, and Minos are a few good372

choices. Gurobi has been preferred over the others because of time complexity and integrity issues.373

The integrality is relaxed by the Minos solver in order to produce optimal results and this loss374

of integrality is not recovered at the output due to which the results are not desirable in some cases.375

Integers are replaced with decimal numbers in some cases which is not feasible for the proposed model376

as integrality must be maintained. Strict integrality is maintained by the Bonmin solver, on the other377

hand, which is also not feasible for the proposed model as too much time is taken to find out the optimal378

solution. The solution of these two problems is provided by Gurobi. The integrality is relaxed by Gurobi379

during the problem solution and it is recovered when the results are generated. In this way, less time is380

consumed to find optimal results with strict integrality. The time consumption of each solver depends381

upon the complexity of the problem. We selected Gurobi through hit and trial because different solvers are382

suitable for different problems. In our case, Gurobi is the best possible selection as it retains the integrity383

and also takes less time as compared to other solvers.384

These characteristics of Gurobi solver make it a perfect choice for solution of dual model node based385

routing. AMPL is chosen for execution of the algorithms because freedom of high level implementation386

is provided by it. A wide range of optimization problems can be solved with the help of AMPL and same387

syntax is used for declaration of data, model and commands. The local routing and global routing models388

are written in a model file which reads the data from a separate data file. Two models are included in the389

proposed algorithm and these two models are connected together with the help of a script that gathers390

values from the output of the local routing model and provides these values to the input of the global391

routing model.392

The proposed algorithm was written in AMPL and solved with the help of Gurobi solver. The Gurobi393

solver and AMPL software were run on two different machines in order to have a comparison of algorithm394

running time on different machines. The first machine used for algorithm execution was an Intel Core 2395

Duo PC with a processor of 2.10 GHz and a RAM of 2GB. The other machine used for the execution of396

the algorithm was NEOS server which can be accessed on-line. NEOS server consisted of a 2.8GHz (12397
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cores) CPU - 2x Intel Xeon X5660, 64GB RAM, and 2x 500GB/2TB SATA drives disk. The purpose of398

using these two machines was to show that the proposed algorithm can be used by PC users as well as399

server operators. We have mentioned specifications of both the machines so that anyone can easily use400

the same specifications and check the validity of results and also compare the results with their proposed401

solution. There was definitely a difference between time consumed by these two machines which is402

mentioned in the next section.403

The dual model node based routing is tested on three girds of different sizes. These three grids were404

of small, medium and large sizes respectively. The intention was to run the proposed model on grids of405

different sizes so that efficiency of model could be claimed for all types of grids. The specifications of406

three grids against which the model was tested are as follows:407

• Small Grid,408

• Medium Grid,409

• Large Grid.410

Small Grid411

The first grid has a size of 20x20 and according to the dual model node based routing, this grid is divided412

into two parts. These two parts are solved with the local routing model first and then with the global413

routing model. The first part contains two 13x6 grids which are used for escaping the points to the414

boundary and this is solved by the local routing model. The second part contains the remaining points415

which are used for the area routing and it is solved by the global routing model. A total of 60 pins have416

been escaped through this grid in 0.4 seconds when solved on a Intel core 2 duo PC and 0.32 seconds417

when solved through NEOS server on-line. The escaped points in the 20 X 20 grid are shown in the418

Figure 8. These escaped pins are connected through the second model as shown in Figure 9.419

It can be seen that not all the escaped pins are connected by the global routing model. It is because of420

the reason that not enough routing resources are available to route all these escaped pins on a single layer.421

There are two solutions to this, either the remaining escaped pins can be routed on other layers or the grid422

can be expanded sideways in order to route all the escaped pins on a single layer. The second solution423

is not feasible because the solver used for solving this problem is an academic version of Gurobi which424

cannot handle more than a specified number of constraints. The commercial version of Gurobi needs to be425

purchased in order to solve the larger grid for the area routing problem. Therefore, it has been shown with426

the help of a relatively smaller grid that area routing can be done with the help of the proposed model.427

The proposed dual model node based routing is equally good for area routing of the large grids.428

Medium Grid429

The results of the dual model node based routing have also been compared with a study in literature Wu430

and Wong (2013). The solver used by Wu and Wong (2013) is min-cost flow solver CS2. Although,431

the solver used by them is different from our solver but the choice of a solver depends upon the model432

and in our case, Gurobi proved to be the best solver in all cases. In Wu and Wong (2013), network flow433

model has been proposed for escaping the pins to the boundaries and few results have been obtained in434

this study using industrial data. In one of their cases, 42 pins were escaped in a grid of 11 x 27 in 0.08435

seconds. We designed a 30x30 grid in which the first model was a 11 x 27 grid similar to the study Wu436

and Wong (2013). We were able to escape 68 pins in the same grid within 0.12 seconds through NEOS437

server. This shows that all the desired pins have been escaped to the boundary. The memory used for the438

processing was 68.48 MB. The memory consumption is very less and the time taken to solve the problem439

of routing is also quite less. The results of escaped pins are shown in Figure 10. After this, the global440

routing model will connect these escaped pins but it has not been shown because of the reason mentioned441

in the previous sub section that the academic version of the gurobi cannot handle more than a specified442

number of constraints. If we use another solver instead of Gurobi, we would not be able to get optimal443

results. Also, we do not have enough resources to buy the commercial version of Gurobi. We have already444

tested the global routing model for the smaller cases in order to show that our model works perfectly well.445

Large Grid446

The large grid taken to evaluate the dual model node based routing is a 50x50 grid. The results have been447

compared with another case of the same study Wu and Wong (2013). In this case, 86 and 112 pins were448

escaped in a grid of 17 x 34 in 0.16 seconds. We designed a 50x50 grid in which the local routing model449
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contained 17 x 34 grid similar to this case in the study Wu and Wong (2013). We were able to escape450

112 pins in the same grid within 0.02 seconds through NEOS server. This shows that the all the desired451

pins are escaped to the boundary within a minimal time. The memory consumed during processing was452

190.6 MB which is also quite less. The number of escaped pins can also be increased by changing our453

grid topology a bit which is out of scope of this work. The results of escaped pins are shown in Figure 11.454

The case used for comparison uses only a 17 x 34 grid and we use a 50 x 50 grid in which we escape455

112 points using an internal grid of 17 x 34. If we use only a grid of 17 x 34 and run first model only, then456

we can get results in half time i.e. 0.01 seconds and memory consumption is also reduced to 97.05 MB.457

This is a considerable reduction in time as compared to the time (0.16seconds) taken by the case taken in458

the compared study. The results of area routing in both the above mentioned cases have not been obtained459

due to the limitations of the academic version of the Gurobi solver. The results for small, medium, and460

large grid are shown in Table 3. It can be seen that as the number of pins increases, our proposed model461

takes less and less time as compared to Wu and Wong (2013). This also shows the scalability of our462

model. As the number of pins is increasing, our model is taking less time and hence, it would still be463

suitable if number of pins is scaled up. We could not test all the cases provided in Wu and Wong (2013)464

because of academic solver’s limitations and relevancy. We choose the most relevant cases from Wu and465

Wong (2013) for comparison.466

Table 3 shows that the proposed dual model node based routing method is great in terms of routability467

and it also takes very less time and memory to provide the routing solution. We have compared our468

model’s efficacy with state-of-the-art models and our model outperforms state-of-the-art in the terms of469

time consumed. The memory consumed by the proposed dual model node based routing method is also470

considerably small which shows that no high end machines are required to run this model.471

CONCLUSION472

This work address two problem at the same that includes simultaneous escape routing and area routing473

in PCB. Main contributions of this research is the mapping of PCB routing problem to network flow474

problem and proposal of two algorithms for SER and area routing using integer linear programs. This475

work also links the local and global routing algorithms in order to achieve the end-to-end routing on a476

PCB. Proposed algorithms are efficient in terms of routing and time consumption as they outperform477

the existing algorithms and achieve 99.9% routability. Currently, we are working to propose a blend of478

ordered escape routing with the SER for further optimizing routability and improve time consumption.479

We also aspire to scale this algorithm for dual layer and multi-layer PCBs.480
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Figure 1
ICs that need to be connected
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Figure 2
Points escaped to the boundary
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Figure 3
Conflict route in the intermediate area
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Figure 4
Routing in the intermediate area
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Figure 5
ICs placed on PCB
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Figure 6
Network flow approach
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Figure 7
The grid used in the Fourth model
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Figure 8
60 pins escaped in a 20x20 grid.
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Figure 9
Escaped pins connected in a 20x20 grid.
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Figure 10
68 pins escaped in a 30x30 grid.
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Figure 11
112 pins escaped in a 50x50 grid.
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Table 1(on next page)

Mapping Table
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1

PCB Routing Network Flow

Pins Network Nodes

Pins that need to be connected Source node and destination node

pin-pin pair     Network flows

Connection of two neighboring pins   Network Links

Layers Channels

2

3

4

5
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Table 2(on next page)

Terminology used in the mathematical models of the dual model node based routing
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Term Meaning

LF The set which includes sources of local points in grid

N(LF) The set which includes neighboring points of LF points

N(P) The set which includes neighbors of all P points

SD The set which includes source and destination points of Local flows

SDBP The set which includes source and destination boundary points of Local 

flows

D(LF) The set which includes the destination flows

P The set which includes all grid points

BP The set which includes all grid boundary points

N(BP) The set which includes boundary points neighbors

CP The set which includes connections of points in LF

startx The parameter which has the x coordinate of boundary points selected 

as Local Flow's source

starty The parameter which has the y coordinate of boundary points selected 

as Local Flow's source

endx The parameter which has the x coordinate of boundary points selected 

as Local Flow's destination

endy The parameter which has the y coordinate of boundary points selected 

as Local Flow's destination

X[flows, points] The binary decision variable for selection of a flow

Y[flows, edges] The binary decision variable for selection of a boundary point for a flow

1

2

3
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Table 3(on next page)

Time and memory consumption for different grids
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Grid Array Pins 

Escaped

Pins Escaped 

(Wong 2013)

Time Time

(Wong 2013)

Memory

Small 20x20 60 N/A 0.32 N/A Negligible

Medium 30x30 68 42 0.12 0.08 68.48MB

Large 50x50 112 86 0.02 0.16 190.6MB

1

2
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