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The spanning graph construction problem is to create a sparse graph over a given set
of points so that the graph contains at least one minimum spanning tree under a specified
distance metric. This problem is the basis for many algorithms like rectilinear minimum
spanning tree construction, efficient Steiner tree construction, obstacle aware Steiner tree
construction, etc. These algorithms are used in many fields of computer science, especially
in VLSI routing. As many of these algorithms are NP-complete problems and some of them
use the spanning graph construction approach, parallelization of the spanning graph
construction algorithm will optimize other problems as well. In this paper, we present the
coarse-grained parallelization approach of the spanning graph construction algorithm. The
proposed algorithm, compared to the existing sequential algorithm, achieves an average
performance improvement of about 40-60% and keeps the correctness of the original
algorithm.

Keywords: minimum spanning tree, rectilinear distance, parallelization, coarse-
grained parallelization, VLSI Design, Sweep-line algorithm.

Introduction. The concept of a spanning graph is defined as a sparse graph
that contains at least one minimum spanning tree. Unlike a complete graph, which
contains all possible edges, a spanning graph includes only a subset of edges but
still guarantees that a minimum spanning tree can be extracted from it. This makes
spanning graphs useful for reducing computational complexity in minimum
spanning tree (MST) related problems.

The concept of a spanning graph was introduced by Zhou,et al [1]. This idea
was applied in their algorithm for constructing rectilinear minimum spanning trees
(RMST), where they avoided Delaunay triangulation and used a sweep-line
technique. This algorithm was used in many later works. Zhou extended this idea
in [2] by using spanning graphs to construct rectilinear Steiner trees. Later, the
method was applied to non-rectilinear geometries [3], showing the flexibility of the
approach. It was also adapted for obstacle-aware routing, where the obstacle-aware
Steiner tree was constructed on the same spanning graph idea [4,5]. The minimum
spanning tree (MST) problem is one of the primary problems in computer science,
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with applications in network design, geometric computations, and VLSI routing.
The construction of a rectilinear minimum spanning tree (RMST) is a key problem
in VLSI design, especially in routing phases, where it is used as a foundation for
constructing Steiner trees and estimating wirelength in global routing.

The goal of constructing an RMST in VLSI is to connect a set of points
(called pins) on a chip using rectilinear (Manhattan) lines so that the total length is
minimal. Sometimes it is better to add extra points (called Steiner points) to get a
shorter result. The final tree with these extra points is called a Steiner tree.

Zhou’s proposed spanning graph construction approach is the basis for
problems like RMST construction, efficient Steiner Tree construction, and others.
Many of these problems are NP-complete, and improving the performance of this
method leads to more efficient computation in algorithms that use it.

However, Zhou’s approach is purely sequential. As VLSI design scales and
multi-core processors become standard, there is room for parallelization. In this
paper, a coarse-grained parallelization of Zhou’s spanning graph construction
algorithm is proposed. Coarse-grained parallelization refers to dividing a program
into large, mostly independent tasks that can run in parallel. These tasks, such as
separate threads or subroutines, are executed on different processor cores. Our
method keeps the correctness and structure of the original algorithm but improves
performance by solving independent subproblems in parallel. This makes it more
practical for modern large-scale VLSI designs.

Problem description. Many algorithms have been introduced for computing
minimum spanning trees (MST) in parallel, such as the Filter-Kruskal algorithm
[6], the parallel implementation of Bortivka’s algorithm [7], and others [8—10].
However, most of these do not primarily address the MST problem under the
rectilinear (Manhattan) metric. This metric is especially important in the VLSI
domain, where interconnections among circuits are made using rectilinear lines.

A well-known algorithm that addresses this metric is the RMST construction
algorithm proposed by Zhou. This method is important because it was later used
for constructing efficient Steiner trees [2]. The work combines Zhou’s spanning
graph construction approach with the edge substitution heuristic, resulting in a
Steiner tree construction algorithm with O (nlogn) runtime complexity and simpler
implementation. Later, in [3], the method was extended to non-rectilinear
interconnectors, which allow 45-degree connections and can significantly reduce
wire length. In that work, two algorithms were introduced. The first algorithm,
called OST-E, is based on edge substitution and the second algorithm, called OST-T, is
based on triple contraction. Both algorithms reuse Zhou’s spanning graph
construction method, adapted for octilinear geometry. These algorithms maintain
O(nlogn) runtime.
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Zhou’s spanning graph approach was also extended in [4] to support
obstacle-avoiding Steiner tree construction. By constructing an obstacle-avoiding
spanning graph (OASG) and selecting only valid edges, the method ensures
obstacle-free routing. In [5], this idea was improved in the EBOARST algorithm,
which handles obstacles during the edge generation process. Instead of filtering
after graph construction, EBOARST avoids adding unnecessary edges, making the
algorithm more efficient. These works show that Zhou’s spanning graph
construction algorithm is used as a core part in many NP-complete problems.

In this paper, we present a coarse-grained parallelization strategy for Zhou’s
proposed sequential algorithm. Our method focuses only on the spanning graph
construction step, which is reused in many problems. The constructed graph is then
passed to Kruskal’s algorithm to compute the MST.

The proposed solution. Zhou et, al [1] proposed rectilinear minimum spanning
tree (RMST) construction algorithm, which is working in O(nlogn) time. The
algorithm avoids using Delaunay triangulation, as it is not well suitable for rectilinear
metric. Instead of Delaunay triangulation they use sweeping line technique and
defined regions across each point from R1-R8. Using regions the algorithm identified
the nearest neighbors for each point.

For each point p, the algorithm searches in his active set to find points for
which p lies in their corresponding R1, R2 or R3, R4 octants. Then, p is connected
to the nearest point in each of these regions, keeping the connections optimal. At
the end of this phase, for each point, the algorithm removes the found points from
the active set for future queries. This process has been carried out in two phases by
a sweeping line by x + y and by x —y. After these two phases we have a
rectilinear spanning graph (RSG) with O(n) edges, which is then passed to
Kruskal’s algorithm to efficiently compute the MST.

While the described algorithm has quite good performance characteristics,
today’s problems require work on big data sets. To address this, we designed a
coarse-grained parallelization strategy for RMST construction algorithm. The two
main parts of coarse-grained parallelization strategy are independent sweep lines
by x + y and x — y line functions and nearest neighbor searches in corresponding
regions. These two phases are independent of each other as they have their own
active sets and share only a graph representing edge list, to which the only applied
operation is insertion. The independent sweep line operations by x + y and x — y
line functions are illustrated in Fig. 1.

Based on this, we assign two independent sweep line operations to
corresponding separate threads by passing the edge list. To avoid unnecessary
synchronization across threads we create separate local data structures for each
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thread and pass on to functions. One of the advantages of this parallelization
approach is that data across threads or processes do not need to be synchronized.
And as the data structures are linked lists representing graph, we can easily merge
them in O (1) time complexity, as we will do only one pointer operation when these
two processes are finished. After the two phases, the final data structures are
merged while maintaining consistency. The proposed algorithm, Parallelized
Rectilinear Spanning Graph (PRSQG), is shown in Fig. 2.

Job 1 Job 2
Fig. 1. The sweep line jobs parallel computation

The second part of our coarse-grained parallelization strategy is the nearest
neighbor search in each of the sweeping line phases. For the x + y phase, these
regions are R1 and R2 and for the x — y phase, R3 and R4 respectively. In Fig. 3,
the regions for x + y sweep line phase are illustrated.

Since these regions have separate active sets and the points in active sets do
not overlap, the computation can be parallelized to run independently. The same
idea is applied in this part too. As each thread works with its own active set, and
these data structures are not overlapping with coordinates, again we pass edge lists
as local data structures for each process. By this, we avoid synchronization across
threads and carry out the merging process efficiently in O (1) time.

Algorithm Parallelized Rectilinear Spanning Graph (PRSG)

1.In thread T1: Sort points by (x + y) for regions R1, R2
2.In thread T2: Sort points by (x - y) for regions R3, R4
3.Initialize two active sets for each thread.

4.Initialize local edge lists for each thread.
5.Parallel processing:
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a.In thread T1:
i. For each point p in sorted (x + y) order:
1.Create a separate thread T1 _R1:
a.Query active set for points s where p
lies in their R1 region.
b.Find the nearest point in the queried
subset.
c.Add edge (p, the nearest point) to the
local edge list.
d.Remove s from the active set.
e.Add p to the active set for future
queries.
2.Create a separate thread T1 R2:
a.Query active set for points s where p
lies in their R2 region.
b.Find the nearest point in the queried
subset.
c.Add edge (p, the nearest point) to the
local edge list.
d.Remove s from the active set.
e.Add p to the active set for future
queries.
3.Merge the local edge lists.
b.In thread T2:
i. (Symmetric logic for regions R3 and R4)
6. Merge the local edge lists.

Fig. 2. Algorithm Parallelized Rectilinear Spanning Graph (PRSG)

By applying this coarse-grained parallelization strategy, we outperformed
the sequential algorithm by 40-60 percent depending on the data size making it
useful for huge data sets especially routing algorithms where circuit design sizes
have millions of pins. Since this is a coarse-grained approach, it scales well for
larger datasets but not for a high number of threads. The required number of
threads or tasks for this approach is 6.

For the future work, we plan to extend this method to higher dimensions,
such as 3D space, where parallel sweeping and neighbor searches can be applied
across more dimensions and threads.
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Fig. 3. The Nearest neighbor search jobs parallel computation

Experimental results. The program was implemented in C++ language and
compared with the original sequential algorithm. Our experiments show that the
parallelized spanning graph construction algorithm outperforms the sequential one
on average by 40.32 percent for 10.000-100.000 points and 62.01 percent, for
100.000-600.000-point data set. The performance measurement plots are shown in
Fig. 4 and 5. All experiments were conducted on a Linux server running Alma
Linux 8.4 (kernel 4.18.0-425.3.1.el8.x86_64) with an AMD EPYC 9754 processor
(32 cores, 1 thread per core), 255[1GiB of RAM, and g++ 8.4.1 compiler using the
C++17 standard.

Performance Measurement
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Fig. 4. Performance measurements of parallelized and sequential RSG algorithm. First
data set
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Performance Measurement
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Fig. 5. Performance measurements of parallelized and sequential RSG algorithm. Second
data set

Conclusion. In this paper, we present the parallelized version of the
Rectilinear Spanning Graph (RSG) construction algorithm, which is used as a core
algorithm in problems like RMST construction, efficient Steiner tree construction,
and obstacle-avoiding Steiner tree construction. Our approach outperforms the
original sequential algorithm by 40-60% using 6 threads, which corresponds to
about 23—43% parallelization efficiency. This efficiency is not very high for small
data sets because coarse-grained parallelization does not try to scale with the
number of threads. It only parallelizes the parts of the algorithm that are
independent. The main advantage is that the implementation is simple, assign
independent sweep-line and region-finding jobs to threads, split the edge lists for
each thread, and merge edge lists in O(1) time. These changes do not modify the
core algorithm structure, so the method is easy to integrate while still giving a
useful performance boost for large datasets. We parallelized sweep-line operations
and nearest-point connection processes, avoiding shared resource synchronization
by using independent data structures. This algorithm uses only 6 threads instead of
other parallelization algorithms for graphs instead other MST parallelization
algorithms which require huge CPU or GPU computational power. For the future
work we want to extend this algorithm for RMST construction algorithm in 3D
space and 3D Steiner tree construction based on that, also do fine-grained
parallelization of this algorithm.
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U.Q. ZzurnkeESNhL3UYL, kL. U2USr8UL

YUURUSPUL AL'UDH YULNRSUTL ULENCPEUUR NTNMUZUShY
oNkhQUZERUSNRUL

Spjws Yhnbph puqUmipjut ypu npnoyws dbnphluyny tnup gpud Jupnighini
uunhpp, npp wwpnibwlnd £ wetiduqt Jby tJuqugnyt Yuwhpughtt swn, Yngdnud
Yuwhpuyhtt gpudh Junnigdwt juinhp: Uju jmughpp hhdp £ hwighuwunud dh owpp wign-
phpUubtph hwdwp, hiyyhupp ki nipnulnit iuqugnyb juwpupuyht Swinh jupnignudp,
Upuwjutiph dwnh wppnittwybn junnignidp, junspunnuntphg juntuuhnng Upwjutph Swnh
Junnignidp b wyji: Uju wignphpdubpp jhpueynid Eo hwdwlupgsuyghtt ghnnipjub puqlw-
phy nnpuikpnd, hunjuybu spugsdwl wygnphpdibpnid: Lwth np wyu bnghpbtphg
owwntpp NP-1phy kb, b npuiighg vh pwtithup oguruugnpénid ku Yuwjupuyht gqpuibh Junnig-
dwil Uninkgnudp, mww wyn wpngkuh qniquhtnugnidp fupnn L oyyunhdwjwuguby hwb dniu
futinhplitipp: Lkpljujugdnud E jdwpipuyht gpubh junnigdwt wignphpuh papdp dwljwp-
nuijh gqniquhtnwgdwt Uninkgnudp: Unwownyynn wignphprup, hudbdwnws wnlju hwenp-
nuljui nwuppipuyh htn, wywhnynud £ dhghtinid dnnnudnpuwytu 40-60% wpunwnpnnu-
Juinipjub ws:

Unwbagpuyhl punkp. wjuqugniyt juwhipughlt Swn, ninnutijnit hknwnpnipnid,
qniquhbtnuignid, gipdks hunbkgpuy ujubdwtph twhiwgdnid, uvwhnn qsh wignphped:

A.I'. APYTIOHSIH, P.H. XAYATPAH

KPYITHO3EPHUCTAS ITAPAJVIEJIM3ATIMS AJITOPUTMA ITIOCTPOEHUS
KAPKACHOI'O IT'PA®A

3amava MOCTPOCHUS KapKacHOro rpada 3aKioyaeTCs B CO3JaHHHM Pa3peKCHHOIO
rpada Ha 33JaHHOM MHO)KECTBE TOUYCK TAKUM 00pa3oM, 4ToObI rpad comepKan XOTst ObI OHO
MUHHUMAaJIbHOE OCTOBHOE JEPEBO B COOTBETCTBUHU C 3aJIaHHOW METPUKOH pacCTOsIHHS. JTa
3aada JSKUT B OCHOBE MHOXKECTBA aJTOPUTMOB, TAKMX KaK MOCTPOCHHE MPSIMOYTOIHHOTO
MHHHMAIIFHOTO OCTOBHOTO JIepeBa, apdekTuBHOE mocTpoeHue aepeBa llltaitHepa, moctpoe-
Hue nepesa LlTaifHepa ¢ y4eTOM MPEMATCTBUMA U Ap. DTH aNTOPHTMBI IPUMEHSIOTCS BO MHO-
TUX O0JIACTSIX MH(OPMATUKH, OCOOCHHO B JITOPUTMAaX TPACCHUPOBKU B MPOCKTUPOBAHHUU
VLSI. TlockonbKy MHOTHE M3 3TUX 3a4ay sBISIOTCS NP-NMOJHBIME U HEKOTOpPbIE M3 HUX
MCIOJB3YIOT MOIXO0J TIOCTPOCHUST KAPKACHOTO rpada, mapauieu3aius 3TOro 3Tamna MOXeT
TaK)Ke ONTHMHU3MPOBATH U APYTHe 3a1a4yn. B maHHON paboTe mpeacTaBieH MOIX01 K BBICO-
KOYPOBHEBOW Mapajie/in3al[iy aropuTMa MmocTpoeHus kapkacHoro rpada. [Ipeanaraemprit
AITOPUTM, IT0 CPABHEHHIO C CYIIECTBYIOLIAM IIOCTIEA0BATEIbHBIM BaAPUAHTOM, 00ECTICUBACT B
cpexaem okoio 40...60% mpupocTa MPON3BOIUTEIEHOCTH.

Knroueevte cnosa: MUHIMAIbHOE OCTOBHOE IECPEBO, MPSIMOIHMHEHHOE PacCTOSHUE,
pacrapajuieiBaHue, KPYIMHO3EPHUCTHIN TMapajulen3M, MPOSKTHPOBAHUE CBEPXOOIBIITNX
HHTETPATBHBIX CXEM, alTOPUTM CKOJB3SIICH JINHIH.
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