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Abstract

Hierarchical approach greatly facilitates large-scaige design by
hiding distracting details in low-level objects. Howevire low-
level designs have to have a global view of high-level obgext-
nections so that some resources can be allocated in advamte,
this makes wire planning an important issue in physicalgtesin
this paper, we present two exact polynomial-time algorgHior
wire planning with bounded over-the-block wires. The craists
on over-the-block wires help the longest over-the-blodewivithin
a block to satisfy signal integrity without buffer inserteloth al-
gorithms guarantee to find an optimal routing solution fora-pin
net as long as one exists. One requires less memory, whitgtibe
may take less running time when processing a large numbeatsf n
According to different application requirements, usens choose
an appropriate one.

Category: B.7.2 [Integrated Circuits]: Design Aids - Place-
ment and routing;  J.6 [Computer Applications]: Computéaled
Engineering - Computer-aided design

Terms: Algorithms, Design
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1. Introduction

Due to the extreme complexity in System-on-Chip (SoC) desig
the hierarchical approach is widely used. By hiding the sasbunt
of distracting details in low-level objects, design prabtecan be
greatly simplified such that those problems can be solvedfin e
cient ways.

In high-level design, a design is partitioned into seveualcf
tional blocks, and then each functional block can be desigmae-
pendently in low levels. However, an implicit constraintligit all
these modules have to get connected in a certain way so that th
can accomplish the required functionality as a whole. Megecas
technology scales down, interconnect delay, especiatlyailinter-
connect delay, has become the dominant factor in achievigiy h
performance in deep sub-micron design. Therefore, winerey,
which plans the routing of global interconnect among matwoks,
has become an important stage in physical design.
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Recently there are work on extending buffering algorithm to
consider route [4, 5, 6, 7]. We think in general it is the righ
rection to consider the impact of routing on buffering, esaky in
the final implementation stages. However, explicit buffgrcon-
sideration in routing at early design stages is very CPUnbite.
Furthermore, the final buffering can be done only based onlé¢he
tailed RC data, which can only be obtained after the lowilblark
implementation is completed. Before low-level block impknta-
tion, it does not make sense to put down all buffers — what veel ne
is to reserve “proper” routing resource for the global rowteen
doing block implementation.

In our work, we abstract buffering by looking at the problem
at a higher lever, and consider the problem of Wire Planniitg w
bounded over-the-block wires (WP). Informally, the prablean
be described as follows. Given a placement of macro blockages
large blocks are evenly divided into several subblocks. A-pin
net is to be routed by going through these blocks/subblagksto
find a block/subblock sequence as the routing of the net. Mexve
some blocks (or some subblocks) are routing obstaclesewhihe
blocks, such as IPs (Intellectual Property) whose intestrattures
have been fixed, only allow routing but no buffers can be teser
We call the latter kind of blocks “routing-block”. Since autong-
block cannot hold any buffers, the longest over-the-blodlesvin
it have to be limited within a certain range since if the disebe-
tween two buffers is large, the signal slew rate is slow whith
turn may cause signal integrity problems. In WP problemheac
routing-block has an interconnect bound such that the Ermmger-
the-block wires in the routing block can only cross a certaim-
ber of subblocks. The bound is in line with designers’ pactn
keeping long routes “buffer-able” to meet timing and tréinsitime
constraints. Different routing-blocks may set differentibds.

Figure 1 illustrates an example of 16 macro blocks. Sinceesom
macro blocks are big, they are partitioned into several lsaudi-
blocks in order to get more accurate estimation. BloBks B3,

Bg, B1g, B11 and B2 are divided into Ix 3, 2x 3, 2x 1, 3x 1,

2 x 1 and 3x 3 subblocks respectivelyB,4, Bg and B14 as well

as a subblock oB3 are obstacles B3, B1g and By, are routing-
blocks and the longest over-the-block wires in these thieekb
should not go across more than 2 subblocks. One two-pin net is
to be routed betweeB; andB1g. However, the routing illustrated
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Figure 1: A placement with 16 macro blocks. Dark blocks are ob
stacles while gray ones can be used for routing but cannat hol
buffers. The longest over-the-block wires in the three inmuit
blocks can cross at most 3 subblocks. The routing betgeand
Big illustrated by thin lines is not valid; while the routing st by
wide lines is a feasible solution.

by thin lines does not satisfy the interconnect constraitse the
over-the-block wires in both block83 andB;2 cross 4 subblocks.
On the other hand, the routing illustrated by wide lines isabdv
solution. For short, let OB-wire refer to over-the-blockevi

In this paper, we present two exact polynomial-time aléoni
for wire planning with bounded over-the-block wires. Botga
rithms guarantee to find a feasible routing solution withimimm
wire length as long as a solution exists. Furthermore, bbth a
gorithms use shortest path algorithm, but the construstafrthe
underlying graphs, which incorporate interconnect cemsts, are
different. One approach requires less memory, but the ather
proach may take less time to adjust the graph after routiegnet
According to different requirement, users can choose anoapip
ate algorithm to solve the problem.

The rest of the paper is organized as follows. Section 2 define
the WP (Wire Planning with Bounded Over-the-Block Wiretpr
lem. In Section 3, we present two exact polynomial-time atgms
based on the shortest path algorithm with different grapistac-
tions. Finally we show the experimental results in Secticend
conclude the paper in Section 5.

2. Problem Formulation

A placement ofm macro blockss = {By,...,Bn} is given. Since
some blocks are large, they are divided into several sukbldgup-
pose blockB; is evenly divided intop; x g; blocks, and these sub-
blocks form ap; x qg; block grid. LetR; = p; x g; be the number of
subblocks ofB;, andrij (j =1,...,R) refer to a subblock of block
B;. For convenience, B; is not divided into subblocks, we still say
itis divided intop; x g; subblocks wherg; =g = 1.

Among theseam blocks, some blocks are routing-blocks which
only allow over-the-block routing but no buffers can be ibsd.

Then an interconnect bourttl is set for each routing-blodg; such
that all over-the-block wires withil; go through at mostl; sub-
blocks.

Furthermore, some blocks even do not allow over-the-bloakr
ing and they become routing obstacles. Some subblocksnadthi
block can also be obstacles. Finally if a block is neitherwting
block, nor an obstacle, then buffers can be inserted and ®&w
in the block are not constrained.

With all these requirements, the target is to find the shortes
over-the-block routing for a two-pin net such that the nogtsat-
isfies the interconnect constraints. The routing wire lerigtmea-
sured by the Manhattan distance between the centers of twmma
blocks.

3. WP Algorithm

If no interconnect constraints are considered, the roudfraytwo-
pin net can be interpreted as a shortest path between twhsbloc
But when interconnect constraints are involved, they preves
from applying shortest path algorithm directly. Therefavar ap-
proaches are to construct a graph so that interconnectraorist
can be incorporated in the graph. Then the shortest pathithlgo
is called to find the optimal routing solution. The main sckesha
WP algorithm is as follows:

Algorithm WP-Algorithm ()

1. Construct a graph incorporating constraints;

2. Apply shortest path algorithm on the graph;

3. Derive routing solution for the given net;

In the following two subsections, we present two ways of con-
structing the graph for a given WP problem.

3.1 WHP-Path Algorithm

As we notice that all interconnect constraints are confiloe@B-

wires within routing-blocks. Therefore, the main idea of \W&th
algorithm is to explore all legal connections between anyltaund-
ary subblocks within the same routing-block.

Figure 2 illustrates an example. Figure 2 (a) shows a routing
block B; and it is divided into 3« 3 subblocks. Suppose the inter-
connect bound is 3. In Figure 2 (b), each subblock is reptedday
a node and the edges imply that the corresponding two blaaks ¢
be connected by an OB-wire which crosses at most 3 subblocks.
In other words, any valid OB-wire iB; corresponds to an edge in
Figure 2 (b).

However, if two or more successive edges are selected for one
OB-wire, the interconnect constraint may not be satisfieat. -
ample, in Figure 2 (b), if edgeg?,r?) and (r3,r?) are selected,
then the corresponding OB-wire goes through 5 subblocks mjr,
r2, r3, rf andr?). In order to avoid selecting successive edges re-
lated to a routing-block, one node is splitted into two nodbsch
are called in-node and out-node respectively. Figure 8tillies an
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Figure 2: (a) A routing-block; is divided into 3x 3 subblocks.
Suppose the interconnect bound is 3. (b) A graph denoteslal v
OB-wires withinB;.

example. Two nodeqj andrik belong to the same routing-blo&k,

and there is an edg® connecting the two nodes. But edgecon-
nectsrij to a node which does not belong to bldgk Then node;rij

is splitted to an in-nodtavij and an out-nodeij._SimiIarIy for node

rik. Also the undirected edg® becomes two directed edgesand

€, pointing from an in-node to an out-node. Furthermore, since
edgee] connects a node not belongingBg it becomes two edges
e; ande,. e; is incident to the in-node!, while €, is incident from
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Figure 3: (a) Two nodeqj andrik are within the same routing-block
B;. € connects to a node which does not belong to biBck(b)
Each node is splitted into an in-node and an out-node, ankl eac
undirected edge is represented by two directed edges.

Based on the above strategy, we construct a directed gratbh
Graph Gp = (Vp, Ep) for a WP problem as follows.

1. NodesVp = VpsUVin UVout Where

Vep = {uij li=1, ...,m;rij is a subblock oB;, andB; is
neither an obstacle nor a routing-blogk.
Vin= {vij i=1,..,m rij is not an obstacle and itis a
subblock on the boundary &.};
Vout = {\7{ i=1,...m rij is not an obstacle and it is a
subblock on the boundary &.}.
For convenience, nodé € Vip is called in-node, while node

\7i’ € Vout is called out-node. Without misunderstanding, the
corresponding subblock of a nodgé(or V! or u) isr/.

Epa = {(uij ,V'k)\uij € Vs,V € Vin, rij andr} are adjaceny;
Epp = {(¥,U)[V! € Vout, U € Vps, 1! andr] are adjacen};
Epe = {(ul,u)|u/, Ul € Vps,u! # Ul r) andr, are adjacen}:;
Epd = {(V/,V))|V/ € Vin, W} € Vou};

Epe = {(V},¥)|V/ € Vin, & € Vou, ] # k, and there exists

routing between two subblocké andrK such that

the routing goes across at matssubblocks}
Edges irEpg UEpe connects nodes whose corresponding sub-
blocks belong to the same routing-blocks. As we notice that
those edges are always incident from an in-node to an out-
node. Therefore, no path can take two successive edges re-
lated to the same routing-block. Furthermore, any valid OB-
wire in a routing-block corresponds to an edgeEjy U Enpe.
On the other hand, one edgekipy U Epe implies that at least
one valid OB-wire exists between the two corresponding sub-
blocks. For convenience, we say an edgeEg U Epe is
within the related routing-blocks.

3. Edge Cost
If & € EpaUEpyUEpc, ande= (a),pl),
Cle) = ¥ —x| +|y! —y| where
(x,y!) and(x,yL) are the center coordinates of
subblocksr] andrl;
If e€ Epg, C(e) =0;
If e€ Epe, ande = (vij7\7}‘) ,
C(e) is the shortest routing length within routing-block
B between two subblockﬁ andrk.

Figure 4 illustrates an example. Figure 4 (a) includes 6 macr
blocks.Bs is a routing-block and it is divided into:33 subblocks.
Especially, one subblockg3 of Bz is obstacle. Also blociB; is
divided into 1x 2 subblocks. Suppose the interconnect bound for
B3 is 3 and we want to find the routing betweBp and Bg under
the interconnect constraint. Figure 4 (b) is the correspanBath
GraphGp,. Sincerg is obstacle andg is not a boundary subblock,
they are not included iGp.

In Figure 4 (b), edges within ellipses belongEgy. The two
nodes in one ellipse are the in-node and out-node correspptal
a subblock. Since this kind of edges is used to connect iesadd
out-nodes, the cost is zero. For other edges within themgihiiock
Bg, i.e., edges belonging e, an edge(v'é,\%) (i,j=1, ...,9;\/"3 €
Vin;\7§ € Vout;i # j) is added if subblocki3 can reachlé by crossing
at most 3 three subblocks 8. For exampler can reach} by
going throughri. So one edgévj,V3) is added. But the shortest
routing betweem}, andr§ has to go through§, r3 andr§. Therefore
(v4,V3) is not inserted irGp. The cost for this kind of edges is the
shortest routing length between the two subblocks.

Once the Path Grap@p is constructed, we can apply the short-
est path algorithm [1, 3] to decide the routing of a net. Iis &x-
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Figure 4: (a) A WP problem with 6 macro blocks. Routing-block
Bs is divided into 3x 3 subblocks, and suppose the interconnect
constraint is 3. One net is to be routed between bldkandBg.
The solid lines indicate a routing solution. (b) The coragting
Path GraptGp. The wide lines illustrate a shortest path frofnto

ug.

ample, we plan to route one net betwd®nandBg. Therefore, we
let u% be the starting point ana% be the ending point. The shortest
path fromui to u% is illustrated by wide lines in Figure 4 (b). And
it is easy to derive the over-the-block routing from thisution as
shown in Figure 4 (a).

In order to construct a Path Gragh, we need to find all valid
connections within each routing-block, i.e., how to crezdges in
Epe. For each routing-bloclg;, an undirected grapl®; is set up
by presenting each subblock, which is not obstacle, as a ande
adding edges according to block adjacency. The cost of gked
is 1. Then apply all-pair-shortest path algorithm@n If the dis-
tance between two boundary subblocks is less than or eqtiad to
interconnect bound d8;, then add edges iGp accordingly.

Suppose each blocR; is divided intoR (R = p;j x qj) sub-
blocks. IfB; is a routing-block, the nodes relatedBpare O(p; +
qi); otherwise, the number of nodes(R;). Therefore, we get

Vol = ogﬁm

For edges irGp, |EpaU Epy U Epc| = O(|Vp|) since each edge
connects two adjacent blocks/subblocks, and the adjacesiay

tionship among blocks/subblocks on a plane constitutesaaapl
graph. AlsqEg| = |Vin| = [Vout|- Finally |[Epe| =O(3{™, min{(p; +
ai)2,di - (pi +i)}) whered is the interconnect bound for block
B;. Without loss of generality, we assurde= O(p; + ¢i). Then
|Epel = O(3 ™ (pi +ai)?). Therefore, we get

m

|Ep| :O(Z(pi+qi)2)

i=

However, during the construction of Path Gra@h, we first
need to set uGy = (Vyi,Epi) for each routing-blockg; in order
to decide edges iEpe. Since|Vpi| = O(R), |Ep| = O(R), and
all-pair shortest path algorithm take¥ Vpi||Epi| + [Vpi[210gVpi|)
running time [1, 3], the creation of edges inside routingekl B;
takesO(R?logR;) running time. Therefore, the total construction
time for Gp is O(y™ ; R?logR)).

Once the Path GrapBp = (Vp,Ep) is constructed, the single-
source shortest path algorithm can be used to find the rowtittg
over-the-block wiring constraint for a two-pin net, and éncbe
accomplished iO(|Vp||Ep|) time.

3.2 WP-Split Algorithm

In this section, we propose another algorithm by constngcai di-
rected graptsplit Graph Gs. The main idea of this approach is to
represent a subblock in a routing-block, which is not anadiet

by di nodes. Then each path segment in the routing-block starts

with a node whose index is 1, and ends at a node whose indix is
Since all nodes with indeg; only have out-going edges pointing
to a node which is not related &, the length of a path segment is
forced to bed;. Figure 5 illustrates an example.

I3

2

(b)

Figure 5: (ayt, r2, r? andr* are subblocks of a routing-blods;.
Suppose the interconnect bound &yris 3. (b) Each subblock is
represented by a node array. A path segmei; imust go from a
node with index 1 to a node with index 3.

The construction of a Split GrapBs = (Vs, Es) is as follows. If



B; is a routing-block, let; = di wheredi is the interconnect bound
of B;. Otherwise, let = 1.

1. Nodesvs = U™, V5 where

Vg = {vij [k]\rij is a subblock oB; and it is not an obstacle;
k=1,..,L}.
2. Edgess = Es UEg UEs where
B = {(V K,V [k+ 1) VI [,V [k+ 1] € Vg, k=1,...,Li — 1};
Es = {(V/[}, i [k+ 1) V) [,V [k+1] € Vs, k=1,..,Li — 1,
j #1,and subblocksij andriI are adjacen};
Esc = {( [Li], Vi [1) [/ [Li] € Vi, i [1] € Vi,
and two subblocks! andr}, are adjacent,
but do not belong to the same routing-block.
As we notice that edges belonging g, always connect

nodes whose indexes increase by one. Then a path segment

within a routing-blockB; is always from a node with index 1
to a node with index;. In other words, any OB-wire iB;
cannot exceed the interconnect bowhd

3. Edge Cost
If e € Esa, C(€)

0;

If e € Egy, e= (V! [,V [k+1]),C(e) = [} x| + |y —y/|
where(x!,y!) and(x ,y}) are the center coordinates of
subblocks andr!;

If e € Exc, @ = (V] [Li), W[1)), C(e) = X — | + [y — Wk
where(x!,y!) and(X,y}) are the center coordinates of
subblocks’! andrl;

Z

Figure 6: The corresponding Split Graph for Figure 4 (a). Wide
lines illustrate a shortest path from|[1] to vg[1].

We still use the example of Figure 4 (a) to illustrates our ap-
proach. Since the interconnect bound Baris 3, three nodes are
created for each subblock excluding obstacles. Then edges a
added among these nodes. Edges in ellipses beldfg &nd their
cost is 0. For any other edgansideBs, i.e.,e € Eg,, the index of

its source node is less than that of its target node, and tieeatice

is 1. On the other hand, for subblocksRy, they are represented by
only one node sincB; is not a routing-block and has no intercon-
nect constraint. Finally, if two subblocks are adjacent &y do
not belong to the same routing-block, then the tail of a nadaya
points the head of another node array. This kind of edgesigslo
to Es;. The wide lines shows a shortest path fregfi] to vg[1], and

it corresponds to the routing in Figure 4 (a).

Since a routing-block is divided int& = p; x g; subblocks and
each subblockij is represented by nodes, |Vs| = O(3"; di x
R). |Esal = O(|Vs]). |Esp = O(|V&|) and|Esc| = O(|Ve|). Therefore
|Es| = O(|Vs|)-

Once the Split Graplis = (Vs,Es) is constructed, the single-
source shortest path algorithm can be used to find the oeer-th
block routing for a two-pin net, and it can be accomplished in
O(|Vs|Es|) = O((3; & x R)?) time.

3.3 Comparison

In the above, we have presented two approaches to set uplta grap
which implies interconnect constraints. The comparisonveen

the two graphs are listed in Table B, = p; x g is the number of
subblocks in a block, and is the interconnect bound of a routing-
block B;. Without loss of generality, we assurde= O(p; + ;).

Table 1: Algorithm Comparison

Algorithm WP-Path WP-Split
Nodes O(F1R) O3, di xR)
Edges oz, (pi+9)?) O(y,di xR)
Setup O(y™, R?logR;) O(y™,di xR)

Path | O((34R) (M4 (pi +a)?) | O((F1,di xR)?)
Adjust O(RizlogRi) O(diz)

The advantage of WP-Path algorithm is that it requires lessm
ory since the underlying graph is smaller. However, it tdkeger
time to construct the graph. “Setup” in the table shows the co
struction time. “Path” is the time to search for a shortesh pased
on the graph. And since the size of the underlying graph of WP-
Path is smaller than that of WP-Split, it takes shorter timértd a
routing solution for one net.

Furthermore, after routing one net, some subblocks may be-
come routing obstacles since the net consumes all routsayiree.
Therefore, we have to judge whether the edges within a rgutin
block are still valid. For example, in Figure 4 (a), the rogtof the
net goes through routing-blodgs. Suppose subblocté can ac-
commodate only one net. After routing this nétbecomes a rout-
ing obstacle. Then in Figure 4 (b), serval edges sudivas;) and
(v§7\7§) inside B3 are not valid any more. For the two approaches,
WP-Path have to recalculate edges within every routingkddong
the path, while WP-Split only needs to remove some edgestinem



graph. The time required for adjusting edges within oneingut
block is shown in Table 1 “Adjust”. In general, WP-Split isfar
for graph adjustment, and it is suitable for handling a langeber
of nets.

4. Experimental Results

Our algorithms were implemented in C++ on PC (733MHz) with
128M memory. We tested WP-Path and WP-Split algorithms on
three test files which were generated randomly. We compéued t
results of our two approaches with another shortest patioapp
which finds a shortest path from the source node to the end node
without considering interconnect constraints. If the iot@mnect
constraint is not satisfied, the net is discarded. Each timenet is
selected and is to be routed. Furthermore, we assume treattsll
blocks can accommodate a large number of nets so that thagout
of one nets is not affected by others. In this way, we can aence
trate on the routing quality of WP algorithms. Both WP-Patld a
WP-Split algorithms guarantee to find feasible routing agylas
one solution exists. As shown in Table 2, all nets can be tbhye
our approaches, while less than 50% of the nets can find feasib
routing by the simple shortest path approach.

Table 2: Test results of WP-Path and WP-Split

File testl test2 test3
Macro Blocks 50 100 150
Routing-Blocks 7 12 18
Nets 350 1600 3500
Total Subblocks 1337 1736 2604
Obstacles 18 48 131
Time(s) 11 23 76
Shortest | (per net)|| (0.031) (0.014) | (0.022)
Path Nets 165 613 1211
(47.14%) | (38.31%) | (34.6%)

Time(s) 9 104 202

(per net)|| (0.026) (0.065) | (0.058)

WP-Path| Nets 350 1600 3500
(100%) | (100%) | (100%)

Time(s) 18 91 227

(per net)|| (0.051) (0.057) | (0.065)

WP-Split| Nets 350 1600 3500
(100%) | (100%) | (100%)

The underlying graph of WP-Path usually has smaller size tha
that of WP-Split. For the test file “test2”, the number of nedie
WP-Path is about 1200 and edges are abou®@% while WP-
Split needs about 1600 nodes and 7800 edges. WP-Path gains
in memory usage. However, WP-Split has the advantage tbanhit
make changes to the underlying graph more easily aftempuotie

net. Therefore, if a larger number of nets are to be proce¥yéd
Split may requires less running time than that of WP-Pathuie
7 shows the relationship between the number of nets and the ru
ning time for test file “test2”. As the number of nets increagbe
running time of WP-Split becomes shorter than that of WRPat

140 A
120

100
80
60
40
20

—— Split
= Path

time (s)

500 1000 1500

nets

2000

Figure 7: The comparison of WP-Path and WP-Split on the rela-
tionship between running time and the number of nets.

5. Conclusion

In this paper, we present two exact polynomial-time aldoni for

wire planning with bounded over-the-block wires. Both aitjons

guarantee to find an optimal routing solution for a two-pin a
long as one exists. One requires less memory, while the athgr
take less running time when processing a large number of Aets
cording to different application requirements, users dawose an
appropriate one.
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