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Abstract— The area-I/O flip-chip package provides a high chip-density
solution to the demand of more I/O’s in VLSI designs; it can achieve
smaller package size, shorter wirelength, and better signal and power
integrity. In this paper, we introduce the routing problem for chip and
package co-design and present the first work in the literature to handle the
multiple Re-Distribution Layer (RDL) routing problem for flip-chip designs,
considering pin and layer assignment, total wirelength minimization, and
chip-package co-design. Our router adopts a two-stage technique of global
routing followed by RDL routing. The global routing assigns each block
port to a unique bump pad via an I/O pad and decides the RDL routing
among I/O pads and bump pads. Based on the minimum-cost maximum-
flow algorithm, we can guarantee 100% RDL routing completion after the
assignment and the optimal solution with the minimum wirelength. The
RDL routing efficiently distributes the routing points between two adjacent
bump pads and then generates a 100% routable sequence to complete the
routing. Experimental results based on 10 industry designs demonstrate that
our router can achieve 100% routability and the optimal routing wirelength
under reasonable CPU times, while related works cannot.

I. INTRODUCTION

The increasing complexity and decreasing feature size of VLSI
designs make the demand of more I/O’s a significant problem to
package technologies. The flip-chip package, as shown in Figure 1(a),
is an advanced packaging technology and created for higher integration
density and larger I/O counts.
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Fig. 1. (a) Flip-Chip Package. (b) Cross Section of RDL.

A flip-chip is not a specific package, or even a package type, e.g., pin
grid arrays (PGA’s) or ball grid arrays (BGA’s). The flip-chip describes
a method of electrically connecting a die to a package carrier. The flip-
chip technology is the major choice for high-speed applications because
of the following advantages: reduced signal inductance, reduced IR
drop, reduced package footprint, etc. To further enhance these advan-
tages, recent IC’s place I/O pads (buffers) in the whole area of a die,
instead of just placing them along the die boundary. Consequently, this
placement results in shorter wirelength, higher chip density, and better
signal and power integrity.

For the flip-chip applications, typically the top metal or an extra
metal layer, called a re-distribution layer (RDL for short) as illustrated
in Figure 1(b), is used to redistribute I/O pads to bump pads without
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changing the placement of the I/O pads. Bump balls are placed on
the RDL and use the RDL to connect to I/O pads by bump pads.
For large-scale designs, multiple re-distribution layers (multi-RDL’s)
might be needed to handle the increasing problem size, for which layer
assignment also needs to be considered. Therefore, it is desirable to
consider multi-RDL’s for the interconnections between the I/O pads
and the bump pads (balls) [8].

There are two types of flip-chip structures: peripheral-I/O flip-chips
(see Figure 2(a)) and area-I/O flip-chips (see Figure 2(b)). I/O pads are
placed along the boundary of a die in a peripheral-I/O flip-chip, while
they are placed in the whole area of a die in an area-I/O flip-chip. For
the routing on a peripheral-I/O flip-chip, I/O pads are routed from the
outer boundary to the inner bump pads. If an I/O pad is not assigned to
any bump pad before routing, then a router has the freedom to assign
an I/O pad to bump pads during routing. Fang et al. [4] first divided a
peripheral-I/O flip-chip into four sectors, as illustrated in Figure 2(a).
Then, for each sector, this free-assignment routing problem on a single
RDL was solved by a network-flow formulation without considering
U-turn routes.

For the routing on an area-I/O flip-chip (see Figure 2(b)), in contrast,
U-turn routes are often inevitable, and thus dividing the flip-chip into
to four independent sectors may lead only to suboptimal solutions.
Consequently, this routing problem is much harder than the peripheral-
I/O one. Further, the area-I/O flip-chip is more popular for high-speed
applications because this structure can lead to smaller package size (see
the size differences between Figures 2(a) and (b)), shorter wirelengths
among I/O pads and bump pads, and better signal and power integrity.
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Fig. 2. (a) RDL Routing for a Peripheral-I/O Flip-Chip (in Four Sectors). (b)
RDL Routing for an Area-I/O Flip-Chip.

In addition to the package-level RDL routing, the chip-level routing
from block ports to I/O pads is of significant importance because chip-
package co-design provides greater design flexibility and becomes more
popular for modern circuits. As shown in Figures 3(a) and (b), after
floorplanning the circuit blocks and the I/O buffers, we need to route
not only from the block ports to the I/O pads (chip-level routing), but
also from the I/O pads to the bump pads (package-level routing). Here,
the blocks and the I/O buffers cannot overlap with each other, but they
can overlap with the bump pads since they are on different layers. In a
traditional package-design flow, the design information from chips (e.g.,
the wiring between a block port and an I/O pad) is not considered.
As a result, package-level routing without considering the chip-level
information may incur unsolvable restrictions/violations for the chip-
level design, and vice versa. In order to improve design convergence,
the area-I/O flip-chip routing shall optimize the RDL routability by
chip-package co-design which simultaneously considers the assignment
between block ports and I/O buffers and performs assignment and
routing of the I/O buffers and bump pads.

A. Previous Work
As mentioned earlier, there is no existing work in the literature

specifically for the area-I/O multi-RDL routing problem. Two related
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Fig. 3. (a) Chip-level Routing from Block Ports to I/O Pads. (b) Package-level
RDL Routing from I/O Pads to Bump Pads.

works are the pad routing for area-array ICs [7] and the routing for
peripheral-I/O flip-chips [4]. The work [7] first used the weighted
bipartite matching algorithm to generate a netlist between bump pads
and I/O pads, and then routed the nets sequentially by A*-search
maze routing. The sequential routing is greedy, and thus its solution
quality (routability and wirelength) is often limited. Recently, Fang et
al. in [4] addressed the single RDL routing problem for the peripheral-
I/O structure, assigned I/O pads to bump pads by dividing a flip-chip
into four sectors, and applied a network-flow formulation to handle
the problem for each sector. Since U-turn routes and interactions
among the sectors are not considered in its approach, this network-
flow formulation cannot handle the area-I/O routing problem. Further,
it does not consider the layer assignment of wires for multi-RDL’s.

Other related works are the routing for PGA/BGA packages and
flip chips, including [1], [3], and [5]. The work [1] presented a PGA
router while [5] provided a BGA router. These two routers are multi-
layer routers without considering the pin assignment problem and total
wirelength minimization. The work [3] presented a single-layer flip-
chip router without considering the pin assignment and the area-I/O
structure.

In addition to the aforementioned differences, a major deficiency
of these previous works is that they handle the package-level routing
from I/O pads to bump pads alone, without considering the chip-level
routing from block ports to I/O pads. As discussed earlier, considering
package-level routing alone might incur constraint violations for chip-
level designs, causing significant problems in design convergence.

B. Our Contributions

We present the first paper to handle the area-I/O multi-RDL routing
problem. It can be used to complete the RDL routing during/after chip-
level floorplanning/placement, facilitating the routability optimization
in package-level routing for chip-package co-design. The key features
of this work include (1) pin and layer assignment, (2) RDL routability
optimization considering U-turn routes, (3) total wirelength minimiza-
tion, and (4) chip-package co-design. We present a unified network-flow
formulation to simultaneously consider the pin and layer assignment
of block ports to bump pads via I/O pads and the routing among
them. The RDL routing result and the chip-level I/O netlist (the netlist
among block ports and I/O pads) can be used in the chip-level routing
(i.e., the routing in other metal layers) to achieve chip-package co-
design. Our algorithm guarantees to find an optimal solution with the
minimum wirelength for the addressed problem. It consists of two
phases. The first phase is the global routing that assigns each block
port to a unique bump pad via an I/O pad and decides the routing
layer between each I/O pad and each bump pad. By the minimum-
cost network-flow formulation, we can guarantee 100% RDL routing
completion after the assignment. The second phase is the RDL routing
that efficiently distributes the routing points between two adjacent
bump pads and then generates a 100% routable routing sequence to
complete the routing. Experimental results based on 10 real designs
from the industry demonstrate that our router can achieve 100% RDL
routing completion and the optimal routing wirelength under reasonable
CPU times, while related works result in significantly inferior solution
quality.

The rest of this paper is organized as follows. Section II gives the
formulation of the routing problem of the chip-package co-design.
Section III details our global and RDL routing algorithms. Section IV
reports the experimental results. Finally, our conclusion is given in
Section V.

II. PROBLEM FORMULATION

We introduce the notation used in this paper and formally define
the RDL routing problem for the chip-package co-design. Figure 4(a)
shows the modelling of the routing structure of the area-I/O flip-chip
package. Let Q be the set of I/O pads, and B be the set of bump pads.
For practical applications, each I/O pad is assigned to one bump pad.
Let L = {l1, l2, .., lf} be a set of f bump pad columns in the center
of the package, and let W = {w1, w2, .., wf} be a set of f bump pad
rows in the center of the package. Each bump pad column/row (li/wj)
consists of a set of f bump pads, and each bump pad is represented
by bi,j . An interval is formed by two adjacent bump pads, and a tile is
constructed by four adjacent bump pads. Although we can have multi-
RDL’s for current technology, vias are still not allowed to be inserted
into wires for better signal integrity. Therefore, each route among I/O
pads and bump pads has to be completed on a single layer, and thus
wire crossings are not allowed.

Figure 4(b) shows the modelling of the chip-level netlist generation
for chip-package co-design. Consider chip-level routing. Let P be the
set of block ports. The number of I/O pads is larger than or equal
to the number of block ports, i.e., |Q| ≥ |P |, and each block port
pi can be assigned to only one I/O pad qj . Each I/O pad can be an
input or output buffer depending on which block port it connects. The
I/O pads are divided into several types according to their sizes. In real
designs, the assignment among the block ports and these types is pre-
defined. Further, the capacity for interconnecting bump pads, I/O pads,
and block ports among different RDL’s should also be considered.
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Fig. 4. (a) Routing Structure in a Flip-Chip Package. (b) Chip-level I/O Netlist
among Block Ports and I/O Pads.

We formally define the addressed routing problem as follows:
Problem 1: Given the number of RDL’s and a placement of blocks,

I/O pads (buffers), and bump balls, the multi-RDL routing problem for
chip-package co-design is to assign a set P of block ports to a set
Q of I/O pads and connect the I/O pads to a set B of bump pads
so that there is no wire crossing in each RDL, the design rules for
chip- and package-level routing are satisfied, and the total wirelength
is minimized.
Note that this placement can be generated with or without considering
the I/O netlist among block ports, I/O pads, and bump pads.

III. THE ROUTING ALGORITHM

A. Algorithm Overview
Figure 5 shows our routing flow for the chip-package co-design

problem. Our algorithm consists of two phases: (1) global routing based
on the minimum-cost maximum-flow (MCMF) formulation [2], and (2)
RDL routing based on the passing-point assignment, the net-ordering
determination, and the maze routing.

In the first phase, we construct the flow network G to solve the
assignment of the block ports to the bump pads via the I/O pads. Since
we have multiple RDL’s for routing, the assignment should handle the
layer assignment. However, vias are not allowed in RDL routing for
better signal integrity. Hence, there should be no wire crossing. We
prevent the wire crossings by restricting the edges in the flow network
G from intersecting each other. After applying the MCMF algorithm,
we obtain the flows representing the routes from block ports to bump
pads via I/O pads for the nets. Those flows give the global-routing
paths for the nets.

In the second phase, we use the passing-point assignment, the net-
ordering determination, and the maze routing to determine RDL routes.

519



Blocks (Block Ports)
I/O Buffers (I/O Pads)

Bump Pads

Intermediate Nodes and 
Tile Nodes Insertion

Graph Construction

Cost and Capacity Assignment 

Flow Network Solving

Passing Point Assignment

Global Routing RDL Routing

RDL Routing Result Output

Net Ordering Determination

Chip-level I/O Netlist Output

Chip-level Routing

Maze Routing

Fig. 5. The Routing Flow of Chip-Package Co-design.

A passing point is the point for a net to pass through an interval. First,
we find the passing points for all nets passing through the same interval.
For all nets that pass through the same interval, we evenly distribute
these passing points. Second, we use a net-ordering determination
technique to create a routing sequence in each tile that can guarantee
to route all nets. Finally, we use maze routing to route each net based
on the sequence obtained from the net-ordering determination.

B. Global Routing

1) Basic Network Formulation: We describe how to construct the
flow network G to perform the concurrent assignment and routing for
the chip-package co-design. As shown in Figure 6(a), we define D =
{d1, d2, .., dh} as a set of h intermediate nodes. Each intermediate
node represents an interval (bi,j , bi,j+1) ((bi,j , bi+1,j)) in a bump pad
column (row). T = {t1, t2, .., tu} is a set of u tile nodes. Each tile node
represents a tile (bi,j , bi,j+1, bi+1,j+1, bi+1,j). We construct a graph
G = (P ∪Q∪D ∪ T ∪B ∪ {s, t}, E), where E denotes the edge set,
s is the source node, and t is the sink node. The node for each I/O pad
has a capacity of 1 because it can be assigned to only one block port.
Each intermediate node has a capacity of Cd, where Cd represents the
maximum number of nets that are allowed to pass through an interval.
Each tile node has a capacity of Ct, where Ct represents the maximum
number of nets that are allowed to pass through a tile. We will detail
the determination of the capacity later. There are ten types of edges:

1) the edge from a block port (node) to an I/O pad (node),
2) the edge from an I/O pad to an intermediate node,
3) the edge from an I/O pad to a tile node,
4) the edge from an I/O pad to a bump pad,
5) the edge from an intermediate node to a tile node,
6) the edge from an intermediate node to a bump pad,
7) the edge from a tile node to an intermediate node,
8) the edge from a tile node to a bump pad,
9) the edge from the source node to a block port, and

10) the edge from a bump pad to the sink node.
Each edge is associated with a (cost, capacity) tuple to be explained
in the following subsections. Recall that we do not allow crossings for
all wires in each layer. Since E represents the potential global-routing
paths of all nets, we can guarantee that no wire crossing will occur
if there exists no crossing among edges. Thus we construct all edges
and avoid crossings of them at the same time. Figure 6(c) shows an
example flow network G for a single layer. The last two types of edges
are not shown here. An edge is constructed between a block port and an
I/O pad if the block port is assigned to the I/O pad of the same buffer
type. Each I/O pad connects either to its nearest intermediate node or
to its nearest tile node. An I/O pad also connects to a bump pad if
the distance between them is shorter than that between an intermediate
node and a bump pad. According to the flip-chip layout guide [8], we
cannot insert vias in the area of a bump pad to allow an I/O pad to
route from the chip-level metal layers to the RDL. If an I/O pad is
placed inside the area of a bump pad (as that in the bottom-left bump
pad b1 in the top side of Figure 6(c)), hence, we need not construct an
edge between this I/O pad and the bump pad. Edges are constructed
among this I/O pad and the adjacent intermediate nodes of the bump

pad. Figure 6(b) illustrates how to modify the flow network G for
multiple RDL’s. Inserting vias is not allowed in the multi-RDL routing
for better signal integrity. Each I/O pad is first assigned to one RDL
and then assigned to a bump pad. On the other hand, each RDL has
its own intermediate nodes and tile nodes and shares the same bump
pads. Therefore, each route among I/O pads and bump pads can be
completed on a single layer. The MCMF algorithm can be solved in
time O(|V |2

√
|E|) [2], where V is the vertex set in the flow network.

We thus have the following theorem.
Theorem 1: Given a flow network G = (V, E), the r-layer RDL

global-routing problem can be solved in O(|rV |2
√

|rE|) time.
Note that the number of RDL’s for current technology is very small
(say, one or two). Therefore, r can be considered a constant for practical
applications.
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Fig. 6. (a) Intermediate Nodes and Tile Nodes. (b) Flow Network for Multi-
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2) Capacity Assignment and Node Construction: We now introduce
the capacity assignment for the edges, the I/O pads, the intermediate
nodes, and the tile nodes. Figure 7(a) shows the capacity assignments
for all ten types of edges in the flow network. The capacity of an edge
e is set to 1 for the following cases:

• e is from a block port to an I/O pad,
• e is from an I/O pad to an intermediate node, a tile node, or a

bump pad,
• e is from an intermediate node or a tile node to a bump pad,
• e is from the source node to the block ports, or
• e is from each bump pad to the sink node.

Recall that an intermediate node has the capacity of Cd, where Cd is
the maximum number of nets allowed to pass through this intermediate
node. This means that the capacity of the incoming edge of an
intermediate node equals Cd. If e is an incoming edge of a tile node,
then the capacity of e is Ct, where Ct is the maximum number of nets
allowed to pass through the tile node. In each RDL, since we do not
insert vias into wires, we can calculate Cd and Ct according to the
design rules. In order to model this situation, as shown in Figure 7(b),
we decompose each intermediate node di into two nodes d′

i and d′′
i ,

and an edge is connected from d′
i to d′′

i with capacity Cd. All incoming
edges of di are now connected to d′

i, and all outgoing edges of di are
now connected from d′′

i . Each tile node tj is also decomposed into two
tile nodes, and the capacity of a tile node tj is set to Ct, where Ct is
the maximum number of nets allowed to pass through this tile node tj .
No matter for single- or multi-RDL’s, if there are i I/O pads in a tile,
Ct of the tile is set to �Ct×(1−k)�, where k is the area portion of the
i I/O pads in the tile; the reason is that each I/O pad is punched through
all redistribution layers and thus the corresponding routing resource is
occupied. We set the capacity of each I/O pad to 1 because each I/O
pad can be assigned to only one block port. Figure 8(a) gives a worst-
case scenario of congestion in a tile, in which the maximum number
of nets passing through a tile is 2Cd while there is no overflow in each
interval. If we do not use the tile node, the maximum number of nets
in Figures 8(a) can exceed the capacity of a tile (i.e., 2Cd > Ct). Since
the capacity of each tile node is well modelled in our flow network,
we can totally avoid this congestion problem.
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3) The Cost of Edges: The cost function of each edge is defined by
the following equation:

Cost = WL + α × TL + β × TL

2
, (1)

where WL denotes the Manhattan distance between two terminals of an
edge, and TL is the length of a tile. α and β are both integer variables
and are only applied to the edges among block ports and I/O pads.
As shown in Figure 8(b), the length of each grid equals TL. In order
to make the chip-level I/O netlist suitable for chip-level routing, we
use the grids to avoid wire congestion. When an edge passes through
a set of grids, the number of nets (represented by direct connections)
among blocks in this set is summed up into α. The number of edges
from block ports to I/O pads in the set of grids is summed up into
β. For example, since there is only one net routing through the grid
1, α is increased by 1. In the grid 2, the number of associated edges
is 2, and thus β is increased by 2. Since there may be many edges
connecting to a block port and an edge passing through several grids,
the cost function selects the edge with less wire congestion. The costs
of the edges inside I/O pads, intermediate nodes, and tile nodes are
all set to 0 since the lengths of these edges are all 0. The costs of
the edges from the source node to the block ports and the costs of
the edges from the bump pads to the sink node are also set to 0. To
minimize the redistribution layers used, we can set the costs of the
edges from I/O pads to the intermediate/tile nodes in the upper layers
to WL plus a large positive number. Consequently, the I/O pads tend
to be interconnected through the lower layer.

4) Global-Routing Path Refinement: After applying MCMF, each
global-routing path contains block ports, I/O pads, intermediate nodes,
tile nodes, and bump pads. As shown in Figure 9(a), a tile node
serves just as a “temporary transfer post.” Therefore, we can refine the
global-routing paths without generating any wire crossing as shown
in Figure 9(b). The main idea is that the number of flows in each
interval cannot be changed. For example, there are two outgoing flows
of intermediate node 4 and one incoming flow of intermediate node 3
in Figure 9(a). Then we can assign one outgoing flow of intermediate

node 4 to intermediate node 3 as shown in Figure 9(b).
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Fig. 9. (a) Flows in a Tile. (b) Refined Global-routing Paths. (c) Passing-point
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Based on the global-routing algorithm, since the routing resource is
considered, we have the following theorem.

Theorem 2: Given a set of block ports, a set of I/O pads, and a set of
bump pads, if there exists a feasible solution computed by the MCMF
algorithm, we can guarantee 100% RDL routing completion.

C. RDL Routing
1) Passing-Point Assignment: Based on the global-routing result

(discussed in Section III-B), all the global-routing paths are free of
wire crossings and are evenly split into segments based on passing
points. As shown in Figure 9(b), since the flow on the edge between
the intermediate nodes 1 and 2 is 2, there are two nets passing through
the intermediate node 1. So we split the intermediate node 1 into two
passing points as shown in Figure 9(c). The number on each passing
point denotes the number of a net.

2) Net-Ordering Determination: After the assignment of passing
points, each net has its path to pass through each interval. For each tile,
we can treat the routing in a tile as a channel routing. So we can extend
the net-ordering determination algorithm presented in [4] to generate
a routing sequence S =< (ns

1, n
d
1), (n

s
2, n

d
2), .., (n

s
m, nd

m) > with m
net segments. Each net segment n(i, i′) is represented by a source-
destination pair/tuple (ns

i , n
d
i ). Note that the net-ordering determination

algorithm restricts each terminal to be on the boundary of a tile, but in
the RDL routing problem, there may be I/O pads in a tile. Hence, as
shown in Figure 10(a), we first redraw the boundary for all net segments
except n(4, 4′). The reason is that n(4, 4′) must pass through the top
interval. After applying the net-ordering determination algorithm, we
can get the resulting routing sequence S and can guarantee that each
net segment in a tile is routed without intersecting each other. For
example, given an instance shown in Figure 10(a), according to the net
ordering determination algorithm, we can obtain the routing sequence
S =< (n′

1, n1), (n5, n
′
5), (n

′
2, n2), (n

′
3, n3) >.

d
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Fig. 10. (a) Net Segments in a Tile. (b) Maze Routing in a Tile.

3) Maze Routing: With the routing sequence S, we apply maze
routing to complete the routing. According to the net-ordering determi-
nation, each net segment n(i, i′) in S has to be routed counterclockwise
from its ns

i to nd
i along the boundary. Figure 10(b) shows the result of

maze routing.

IV. EXPERIMENTAL RESULTS

We implemented our algorithm in the C++ programming language
on a 1.2GHz SUN Blade 2000 workstation with 8 GB memory. The
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benchmark circuits, listed in Table I, are real industry designs. In
Table I, “Circuits” gives the names of circuits, “#Blocks” gives the
number of blocks, “#Ports” gives the number of block ports, “#Pads”
gives the number of I/O pads, “#Balls” gives the number of bump pads,
and “#RDLs” gives the number of redistribution layers.

TABLE I
BENCHMARK CIRCUITS FOR THE CHIP-PACKAGE CO-DESIGN.
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COMPARISON BETWEEN WLM [7] AND OURS. (N/A: NOT AVAILABLE.)
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TABLE III
BENCHMARK CIRCUITS IN [6].
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TABLE IV
COMPARISON BETWEEN [6] AND OURS.
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Results

Two experiments were performed to test our router. In the first
experiment, we compared our algorithm with the heuristic in [7]. We
name this heuristic the wirelength minimization (WLM) algorithm.
(Note that we did not compare with the algorithm in [4] because it
cannot handle the problem and the flip-chip structure addressed in
this paper.) In WLM, the netlist among bump pads and I/O pads was
generated by a network-flow algorithm. Since the work [7] did not
handle the assignment among block ports and I/O pads, we assigned
each block port to its nearest unoccupied I/O pad. Finally, all nets were
routed sequentially. Here, we used the A*-search maze routing to route
each I/O pad to the corresponding bump pad to meet the constraints.
For multi-RDL’s, nets were routed in the lower layer first and then the
upper layer.

The experimental results are shown in Table II. We report the
routability (RDL routing completion), the total wirelength, and the
CPU times. Compared with WLM, our network-flow based algorithm
improves the routability by 20.25% in shorter CPU time. Note that for
all circuits, we can guarantee 100% routability due to the congestion

(a) (b)
Fig. 11. (a) Chip-level I/O Netlist for fc4324. (b) RDL Routing Result for
fc4324. The gray rectangles in (a) and the white rectangles in (b) are blocks
with magenta block ports. The green rectangles are buffers in different sizes
with yellow I/O pads. The blue octagons are bump pads. The red lines in (a)
denote the chip-level I/O netlist among the block ports and the I/O pads. The
red lines in (b) denote the RDL routes.

avoidance of our flow network. The results show that our network-
flow based algorithm is effective and efficient for the chip-package
co-design. Figure 11 shows the routing result of fc4324.

In the second experiment, we examined the effectiveness of the
chip-package co-design methodology. We used the benchmarks and the
program presented in [6]. The benchmarks are from the industry and
shown in Table III. We assume that there is only one RDL for routing
for this experiment. Given a netlist among block ports, I/O pads, and
bump pads, the work [6] floorplans blocks and I/O buffers with fixed
bump balls to minimize the total wirelength. First, each circuit was
floorplanned by the program in the total wirelength minimization mode.
Then, we applied the floorplanning results to our area-I/O RDL routing
algorithm with α = 0 and β = 0 (i.e., wirelength optimization alone).

The experimental results are reported in Table IV. We report the
total wirelength and the CPU times, where ”Imp.” is the improvement
of the total wirelength. Note that the wirelength reported in the column
“ASPDAC-06” just gives the half-perimeter wirelength estimation in
the RDL routing after the floorplanning by the work [6], while the
wirelength reported in the column “Ours” is the final routed wirelength.
Therefore, the numbers in the “ASPDAC-06” column just give a lower
bound of the routed wirelength. Compared even with this lower bound
of wirelength, the experimental results show that our network-flow
based algorithm can still achieve 64.65% reduction in the total wire-
length. This is a significant improvement and provides the key insights
into the effectiveness of the chip-package co-design methodology.

V. CONCLUSIONS

We have developed a network-flow based multi-RDL router for
the area-I/O flip-chips; the router can simultaneously handle pin and
layer assignment, total wirelength minimization, and chip-package co-
design. Our network-flow based algorithm guarantees to find an optimal
solution with the minimum wirelength for the addressed problem.
Experimental results have shown the effectiveness of chip-package co-
design. We have also demonstrated that our router can achieve 100%
routability and the optimal routing wirelength under reasonable CPU
times, revealing the effectiveness and efficiency of our algorithm.
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