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Traditional iterative contraction based polygonal mesh simplification (PMS) algo-

rithms usually require enormous amounts of main memory cost in processing large 
meshes. On the other hand, fast out-of-core algorithms based on the grid re-sampling 
scheme usually produce low quality output. In this paper, we propose a novel cache-  
based approach to large polygonal mesh simplification. The new approach introduces the 
use of a cache layer to accelerate external memory accesses and to reduce the main 
memory cost to constant. Through the analysis on the impact of heap size to the locality 
of references, a constant sized heap is suggested instead of a large greedy heap. From 
our experimental results, we find that the new approach is able to generate very good 
quality approximations efficiently with very low main memory cost. 
 
Keywords: cache-based polygonal mesh simplification, large mesh, iterative half-edge 
collapse, quadric error metrics, independent queuing 
 
 

1. INTRODUCTION 
 

The rapid advancements in 3D scanning technology have introduced a great chal-
lenge: the processing and rendering of large meshes. Recent examples such as the Digital 
Michelangelo Project [1], the Forma Urbis Romae Project [2] at Stanford University on 
culture heritages preservation and the Visible Human Project [3] of the National Library 
of Medicine for medical applications, have created large, unsegmented 3D surface 
meshes over tens of million faces. Rendering and processing such meshes usually ex-
ceeds the capability of current computer systems. Therefore, mesh simplification algo-
rithms capable of converting an input mesh into various level-of-detail (LOD) represen-
tations are becoming extremely important.  

Polygonal mesh simplification (PMS) has been studied intensively. A host of works 
have been proposed. Among these works, three types of PMS algorithms are most widely 
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used, i.e., the iterative edge/half-edge collapse based simplification algorithms [4-8], the 
vertex decimation based algorithms [9], and the vertex clustering based algorithms 
[10-12]. The former two types produce good quality approximations, but their runtime 
efficiency is low. While sampling with low resolution grids, the third type of PMS algo-
rithms appears to be more runtime efficient, but its output is much inferior. Ironically, 
most of these works are designed only for in-core execution; thus, they are not capable of 
simplifying large meshes [4-11]. To address this issue, a number of works have been 
proposed [13-22]. Before introducing our own work, we will first review some earlier 
significant works on large mesh simplification.  

Hoppe proposed a method to simplify large terrain meshes by hierarchically seg-
menting a terrain mesh into disjoint blocks followed by a series of edge collapses of the 
blocks [15]. This method requires that special care be taken with the boundary edges and 
involves an expensive process for rejoining the blocks. Prince extended this work to deal 
with general meshes [13]. However, the main memory space requirement reported in [13] 
is not constant and may exceed the available space.  

Elsana and Chiang proposed an external memory method for view-dependent sim-
plification using iterative edge collapses [16]. Instead of spatially partitioning the input 
mesh, they divide the input mesh into disjoint spanned sub-meshes using the span rela-
tionship. Edge collapses are applied to each independent sub-mesh. To enable external 
memory execution, they keep the priority queue in the external memory space. Their 
approach requires intensive non-local external memory accesses; hence, the runtime effi-
ciency is low. Furthermore, they did not report any results for large meshes.  

Lindstrom proposed an out-of-core PMS algorithm capable of simplifying large 
complex meshes that are too large to fit into the main memory space [12]. This algorithm 
adopts the uniform grid vertex clustering method proposed by Rossignac and Borrel [10]. 
Different from [10], Lindstrom’s method begins by accumulating face quadrics in each 
grid and then determines the representative vertex of each grid by solving the accumu-
lated quadric matrix, similar to the optimum placement of an edge collapse, as proposed 
in [5]. Their method achieves excellent runtime efficiency. Nevertheless, it suffers from 
at least two drawbacks. First, it requires a considerable amount of main memory to hold 
the output meshes as well as the grid quadrics. Second, the quality of the output mesh is 
low in comparison with the quality achieved with iterative edge collapses based methods. 
The work proposed in [18] addressed the former issue and provided a solution by pre-
processing the input mesh via an external sort. 

Another stream of works is based on the Reverse Simplification (R-Simp) method 
[14, 17, 23]. Inspired by [23], Shaffer and Garland developed a method that begins with 
quadric quantization based on a uniform grid, followed by BSP-Tree construction to 
cluster vertices adaptively [14]. In comparison with the previous methods, this approach 
yields better quality output at the cost of lower runtime efficiency. Choudhury and Wat-
son proposed a virtual memory enhancement version of the R-Simp methods, enabling 
better virtual memory utilization based on a depth-first simplification approach that in-
creases the reuse of working sets [17]. However, this method was found to be slower 
than Shaffer and Garlands’ approach and had an inherent limitation imposed by the 
maximum virtual memory space. 

Recently, a number of external memory iterative edge collapse-based PMS algo-
rithms have been proposed in [19-22]. Cignoni et al. proposed an external memory data 
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structure, called the Octree based External Memory Mesh (OEMM), for general man-
agement of large meshes, it includes mesh manipulation, editing, filtering, simplification, 
and selective inspection [19]. Their method provides a hierarchical spatial partitioning 
scheme supporting global indexing and partial retrieval operations. However, the exter-
nal memory data structures must be constructed offline in advance.  

Wu and Kobbelt proposed a stream-lined approach based on a multiple choice tech-
nique [20]. The method was found to be fast; however, its input mesh has to be a se-
quence of spatially ordered polygons, or an external spatial sort over the input mesh such 
as the one used in [18] is required. In addition, the algorithm is incapable of differentiat-
ing the boundary edges of an input mesh. If the input mesh contains a large number of 
holes, a great portion of the in-core buffers will be needed to hold these boundary edges 
until the whole input mesh has been scanned. Isenburg et al. suggested adapting the com-
putation according to the processing sequence paradigm [24] over the input dataset to 
solve this problem [21].  

Shaffer and Garland proposed a new external memory multiresolution surface rep-
resentation based on an external memory octree [22]. They claimed their method is in-
sensitive of input meshes and is capable of dealing with very large meshes. Nevertheless, 
it still requires a sophisticated offline construction process before the generation of a 
simplified mesh. Furthermore, the simplification algorithm is output sensitive. O(|Vout|) 
memory space is required to hold an output mesh, and O(|Vout|log(|Vout|)) time is required 
to generate a specific-sized mesh, where |Vout| is the number of vertices in the specified 
output mesh. 

2. CACHE-BASED POLYGONAL MESH SIMPLIFICATION 

Our new approach, called cache-based polygonal mesh simplification (CBPMS), 
comprises two layers, i.e., simplification and cache layers. A block diagram of the new 
approach is shown in Fig. 1. 

The CBPMS system 

Simplifictaion Layer 

Cache Layer 

high-level  
reads/writes 

Cache  
buffers Disk 

main memory 
reads/writes 

I/O reads/writes 

  
Fig. 1. A block diagram of the CBPMS system. 

 
Without loss of generality, the input mesh of our algorithm is assumed to be a bi-

nary index faced triangular mesh. The input mesh consists of a set of triplets of floating 
point numbers representing the X, Y, and Z coordinates of the vertices in the 3D Euclid-
ean space together with a set of triplets of indices to the vertices of the triangular faces. 
Furthermore, the input mesh may be either manifold or non-manifold.  

The simplification layer adopts a framework that is similar to the independent queu-
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ing [25] but with three differences. First, we propose a new contraction control strategy 
that provides a more flexible definition over the dependent contractions. Second, instead 
of a large external priority queue, a fix-sized RS-heap is built to improve the quality of 
output meshes; it not only requires less memory but also is more runtime efficient. Third, 
the contractions are considered on each vertex ring rather than on each edge ring; hence, 
many fewer data references and computations are required. To allow the simplification 
layer to work in a main memory insensitive way, all the data structures as well as read or 
write access are managed by the cache layer. The two layers will be discussed in the fol-
lowing two subsections.  
 
2.1 The Simplification Layer 
 

The simplification layer comprises two phases. In the first phase, called the setup 
phase, the vertex quadrics of all the vertices are computed. In the second phase, called 
the simplification phase, four stages are run iteratively until the input mesh is simplified 
as the goal parameter requires or until no further simplification is possible.  
 
2.1.1 The setup phase 
 

In the setup phase, the vertex quadric of each vertex is computed by accumulating 
the fundamental quadrics of the faces in the neighborhood of the vertex according to [5]. 
The computation of the fundamental quadric 

f
iQ  associated with a triangular face fi can 

be done as follows: 
 

1. Get the coordinates of the three vertices of fi. 
2. Find the plane equation of the plane spanned by the triangle: ax + by + cz + d = 0. 
3. Compute 

f
iQ  by letting 

2

2

2

2

[ ] .f
i

a ab ac ada
b ab b bc bd

a b c d
c ac bc c cd
d ad bd cd d

  
  
 = = 
  
      

Q                          (1) 

Let ri be the set of faces in the vertex ring of a vertex vi. The vertex quadric 
v
iQ  of 

the vertex vi can be given by .
j i

v f
i j

f r∀ ∈

= ∑Q Q  

2.1.2 The simplification phase 

As we have mentioned earlier, four stages are run iteratively until the simplification 
is done in the simplification phase. The first stage is called the vertex ring construction 
stage. In this stage, the algorithm constructs the vertex rings of all the vertices from the 
input mesh. The next stage is called the computation stage. In that stage, the optimal con-
traction of each vertex ring is computed and inserted into a constant-sized Replace Selec-
tion (RS) min-heap [26] according to their error costs. In the third stage, called the con-
traction stage, the contractions from the sorted runs of contractions generated in the sec-
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ond stage to the vertex rings are performed according to the contraction control strategy 
(DCS). In the last stage, named the output stage, the simplified mesh and associated data 
structures are exported as the inputs to the next iteration, and the flag variables are reset 
as described later. 

2.1.3 The vertex ring construction stage 

The vertex ring ri of a vertex vi can be represented as the set of faces adjacent to 
vertex vi. In practice, this set of faces may be implemented by means of a list of face in-
dices. A tradeoff between disk space and disk access efficiency should be considered 
prior to the determination of an array or a cluster chain implementation of the list. Since 
disk space is cheap and disk access efficiency is important, we implement the list by 
means of a fixed length array. When a ring contains more faces than the array can hold, it 
is not considered in the later stages. The pseudo code for the construction of vertex rings 
is shown below. Note that when the number of faces exceeds a prescribed threshold, 
MAXDEG, the ring is labeled as heavy state and is not further processed: 

 
For each vertex vj of fi, i = 1 ~ |F|, perform the following operations: 

If |rj| = 0, initialize rj, insert fi to rj, and set the contraction flag of ring rj to valid state. 
Otherwise, insert fi to rj if |rj| ≤ MAXDEG or set the contraction flag of ring rj to heavy state if 
|rj| > MAXDEG; 

 
2.1.4 The computation stage 

 
In the computation stage, the algorithm first computes the best contraction for each 

ring by finding the smallest error cost half-edge collapse from valid half-edge collapses. 
Afterwards, an RS min-heap is used to generate sorted runs of the contraction records. A 
schematic view of this stage is shown in Fig. 2. 

 
Determine the 
minimum cost 

half-edge 
contraction to a 

vertex ring 

Heap 
operations 

Vertex 
Rings 

Sorted runs 
of contraction 

records  

 
Fig. 2. A schematic view of the computation stage. 

 
(1) Contraction records and error cost computations 

Given a vertex ring rs of vs, the internal outward half-edges are those whose source 
is vs and whose target is one of the boundary vertices. The best contraction to rs is, there-
fore, the valid half-edge collapse with the smallest error cost among all internal outward 
half-edges. Let ls be the list of boundary vertices of rs. Then, the best contraction to ring 
rs is computed by  

ˆ ˆ ˆmin | , where  and .
1

iT v
s i i i s i i i s
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Let the half-edge tsvv  be the best contraction to rs with the smallest error cost εs. A 
contraction record cs of ring rs, consisting of a triplet of the source vertex vs, the target 
vertex vt, and the error cost εs is then inserted into the RS min-heap.  
 
(2) The generation of sorted runs of contraction records  

The order of the contractions may be arbitrary, yet it has an impact on the quality of 
the resulting mesh and the locality of references. At one extreme, the non-optimizing 
queuing approach does not sort contractions; at another extreme, the greedy queuing ap-
proach enforces a strictly increasing order of contractions according to their error costs 
[25]. Generally, the latter gives higher quality output but has much lower locality of ref-
erences and higher frequency updates; thus, it is believed to be unsuitable for external 
memory implementation [14]. In this paper, we propose a compromise approach that 
adopts a fix-sized RS-heap to partially sort contractions.  

The heap size has a great impact on the runtime performance. According to [26], the 
average run length output from an RS-heap is roughly two times the heap size. Let the 
number of vertices of the input mesh be n, let the heap size be h, and let the number of 
elements in a cache be CMS. We can set the heap size to be 

, /
,

/ , /

n CMS c n
h

CMS c CMS c n

≥
=  <

                                          (3) 

where c is a constant. The impact of the heap size on the runtime efficiency can be evalu-
ated from two perspectives: the contribution to the runtime complexity and the locality of 
the references in the resulting sequence. Since CMS and c are supposed to be constants 
for a given set of parameters, the heap size can be regarded as a small constant value if 
CMS/c << n. Notice that CMS is related to the size of the cache memory. If the cache 
buffer in use is small relative to the mesh size, the variation of the heap size will not have 
a significant effect on the runtime complexity of the simplification. Therefore, we will 
concentrate on the influence of the change of the heap size on the locality of references. 
The theory behind our approach and the experimental results that we have obtained are 
discussed in the following.  

Let H = ˆ{ kr ˆˆ| }kr R∈  be an arbitrary ordered sequence of references to an ordered 
set 1 2 | |{ ,  ,  ...,  }VR r r r=  where ir̂  represents a reference in H to ri in R. Given any two 
consecutive references ir̂  and jr̂  to R, we define the distance of the references as  

 
ˆ ˆ( ,  ) .i jd r r j i= −                                                      (4) 

 
Let ˆ ˆ( ,  )m nr r  denotes a pair of successive references in H to R in which the reference 

n̂r   is a successor to the reference m̂r   in H. We can further define the maximal distance 
of successive references from H to R as 

ˆ( | ) max{ ( ,mD H R d r= ˆ }nr ˆ| ( ,mr∀ ˆ ) of }.nr H                              (5) 

In the four stages of the simplification layer, the reference sequence of the vertex 
quadric calculation, vertex ring construction, computation, and output stages are mainly 
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sequential and not affected by the heap size. Hence, there is no need to analyze the im-
pact of the heap size on the reference locality of these stages. In consequence, we only 
concentrate on the reference locality of the output sequence of the RS-heap.  

Assume that the sorted run sequence H = { |i ih h  contracts vertex vi} generated by 
the RS-heap is used to determine the order of contractions for the vertex rings. In theory, 
we can approximate the locality of references of H by finding the maximal distance of 
successive references issued by successive contraction records of the sequence.  

Considering two successive input items, they may be output from the heap to the 
same run or two successive runs, which implies  

 
1 ≤ d(hi-1, hi) ≤ 2 × run length − 1.                                       (6) 
 
Note that the average run length for random inputs is roughly 2h. In a specific case, 

if we let h = CMS/4, then d(hi-1, hi) ≤ CMS − 1, i.e., successive references are restricted to 
a local region that is no larger than CMS records. To verify this proposition, we per-
formed a number of experiments on the Dragon, Happy Buddha, and Blade meshes. The 
results are presented in Fig. 3. 
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(a) The cache hit-ratios.                    (b) The approximation errors. 

Fig. 3. The impact of the heap size. 

 
From Fig. 3 (a), it is clear that the cache hit-ratios decrease radically when c ≥ 4 for 

all three meshes and that the cache hit-ratios are higher than 99% when c ≥ 4. As for the 
output quality, the results shown in Fig. 3 (b) reveal that the mean error distance of the 
output meshes (1,000 triangles) does not decrease much as c increases. Hence, a choice 
of c ≥ 4 is suggested, i.e., h ≤ CMS/4. 
 
2.1.5 The contraction stage and the dependency control strategies 
 

In the contraction stage, the algorithm accepts a sequence of sorted runs of contrac-
tions generated by the Replacement Selection Sort [26]. The contractions are executed 
according to this partially sorted sequence and a dependency control strategy (DCS) that 
is employed to find dependent contractions prohibited from executing. Before discussing 
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of the half-edge collapse procedure in the contraction stage, we will elaborate on the de-
pendent contractions and our dependency control strategies. 

 Let hs be a contraction to the ring of vs by collapsing the half-edge .s tv v
�����

 A con-
traction ha to the ring of va is a dependent contraction of another contraction hb to the 
ring of vb if the ring of va is modified by hb. Given a vertex vs, the ring of vs, denoted as rs, 
and a contraction hs to rs, the conventional definition of the set of dependent contractions 
of hs is Hs = {hi | vi ∈ rs}.  

On the basis of the Dobkin-Kirkpatrick (DK) hierarchy [27], the independent queu-
ing approach suggests disabling all these dependent contractions [25]. Thus, if there are k 
vertices on the boundary of the ring of vs, k rings are not allowed for contraction. For a 
manifold surface, the average value of k is six, which implies that only 1/7 of rings are 
contracted on an average. This policy takes creates a deeper hierarchy of contractions 
and leads to low runtime efficiency. Instead of the above conventional definition, we 
have developed a new set of rules as follows.  

Initially, we let the vertices of the input mesh be in state S0, where no restriction is 
placed on the contraction of the vertex rings. Given a ring of a vertex vs, a possible con-
traction to the ring is performed by hs: vs → vt. Following the execution of hs, the vertices 
of the ring are transformed into one of four states, namely, s1, s2, s3, and s4: the source 
and target vertices of the contracted half-edge, respectively, are changed into states s1  

and s2, the vertices opposite to the contracted half-edge tsvv  are turned into state s3, and 
all other boundary vertices of the vertex ring are transformed into state s4. According to 
their states, the vertices can be classified into four disjoint sets: S1, S2, S3, and S4, where Si 
represents the set of vertices in state si for i = 1, 2, 3, and 4. Fig. 4 shows an example ring 
and the states of its vertices after the contraction is performed. 

 

vs 

vt vr 

vl 

v0 v1 

v2 

  
Fig. 4. A ring and its four sets of vertices: S1 = {vs}, S2 = {vt}, S3 = {vl, vr}, and S4 = {v0, v1, v2}. 

 
On the basis of the previously described vertex classification scheme, we have de-

veloped four strategies, i.e., Strategies I-IV, to provide four levels of dependency control. 
By arranging the range of the dependent set Vd, four strategies can be defined as follows:  

 
Strategy I: 1{ | };dV v v S= ∈                                          (7) 

Strategy II: 1 2{ | };dV v v S S= ∈ ∪                                      (8) 

Strategy III: 1 2 3{ | };dV v v S S S= ∈ ∪ ∪                                 (9) 

Strategy IV: 1 2 3 4{ | }.dV v v S S S S= ∈ ∪ ∪ ∪                             (10) 
 
According to the contents of Vd, we define two types of dependent contractions — 
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tight dependent contractions, denoted as Ht, and loose dependent contractions, denoted 
as Hl, where  

 
Ht = {hi | hi: vi → vj, for vi ∈ Vd} and Hl = {hi | hi: vi → vj, for vi ∉ Vd ∧ vj ∈ Vd}. (11) 
 
In our implementation, we associate each vertex with a flag variable, called the con-

traction flag, to keep track of the state of the vertex and its ring. The flag values and their 
corresponding states are depicted in Table 1.  
 

Table 1. Contraction flag values. 

Contraction Type Flag Value 
Invalid (disable) 0 
Valid (enable) 1 

Dependent 2 
Heavy 3 

 
Prior to execution of the contraction, the contraction flags of the source and target 

vertices of the contraction are checked. If the contraction flag 
c

sf  of the source vertex vs 
is not in the valid state ( 1),c

sf =  the contraction is considered to be a tight dependent 
contraction; on the other hand, if the contraction flag 

c
sf  of the source vertex vs is in the 

valid state but the contraction flag 
c

tf  of the target vertex vt is not, then the contraction 
is regarded as a loose dependent contraction. In general, both tight and loose dependent 
contractions are not executed. If lazy update [25] is employed, the loose dependent con-
tractions are renewed and then executed instead of being discarded.  

From experimental results, we find that the running times of the four strategies are 
ranked in increasing order as follows: Strategies I < II < III < IV. Furthermore, the out-
puts of simplification obtained by applying Strategy II have the smallest mean geometric 
error. Consequently, we adopted Strategy II in all of the other experiments. 

In addition to removing the source vertex and the adjacent faces of the half-edge as 
well as replacing the index of the source vertex with that of the target vertex in non-  
adjacent faces of the half-edge, we set the contraction flags of the vertices in the ring 
according to the dependency control strategy in use. To carry out the half-edge collapse 
and set up contraction flags according to the specified dependency control strategy, the 
half-edge collapse routine is designed as follows: 

 
Procedure HalfEdgeCollapse(hs, DCS) 
Input: 

HalfEdge hs; 
unsigned integer DCS; 

begin 
1.  Set the vertex flag of vs to the invalid state ( 0).v

sf =  
2.  Set the contraction flag of vs to the dependent state ( 2).c

sf =   
3.  If DCS ≥ 2, set the contraction flag of vt to the dependent state ( 2).c

tf =   
4.  Find the set of adjacent faces of hs: A = rs ∩ ri and let B = rx − A. 
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5.  For all fi of A, where fi = {vs, vt, vj} { 
6.     Set the face flag of fi to the invalid state ( 0).f

if =  
7.     If DCS ≥ 3, set the contraction flag of vj to the dependent state ( 2).c

jf =  } 
8.  For all fi of B, where fi = {vs, vj, vk} { 
9.     Replace the index of vs with that of vt. 

10.    If DCS ≥ 4, set the contraction flags of vj and vk to the dependent state  
( 2).c c

j kf f= =  } 
11. t s t= +Q Q Q  

end 

 
2.1.6 The output stage 
 

The input mesh is denoted as M0. Assume n passes of simplifications are needed to 
generate the desired approximation. The first pass of simplification outputs a simplified 
mesh M1 by simplifying the input mesh M0. Then, the second pass outputs a simplified 
mesh M2 by simplifying M1. Thus, the i-th pass of simplification generates Mi. The set of 
output meshes together with the input mesh M0, or {M0, M1, M2, …, Mn}, naturally forms 
a set of static-LODs of the input mesh M0. 

In the output stage, the remaining vertices and faces are output as a new LOD  
mesh following a compaction to the vertex and face caches if the static-LOD generation 
status bit is set; otherwise, only a compaction process that discards deleted vertices and 
faces is performed on the vertex and face caches.  
 
2.2 The Cache Layer 
 

The cache layer implements the fully associative cache algorithm discussed in [28], 
which acts as an intermediate layer between the algorithm layer and the data storage in 
order to improve disk access efficiency by reducing the number of external memory ref-
erences. To provide shorter search time in cache block replacement, we use a version of 
the WSClock algorithm other than the least recently used (LRU) algorithm [29]. The 
cache layer comprises nine separate caches for each data structure shown in Table 2. The 
size of the cache is determined by the memory size limitation given by the command line 
parameter.  

Since we only implement the previously proposed cache and replacement algo-
rithms instead of developing a new one, we will not restate these algorithms in this paper. 
Readers who are interested in these algorithms can refer to the relevant textbooks or pa-
pers listed in the reference section. 

The cache performance is related to at least two factors, i.e., the cache hit-ratio and 
the cache search time. The first factor is affected by the cache memory size, the mapping 
scheme, the replacement scheme, and so forth. On the other hand, the cache search time 
is proportional to the number of cache lines. In general, the fully associative cache has 
the highest cache hit-ratio but takes the longest cache search time. 

To minimize the cache search time while maintaining a high cache-hit ratio, we 
set an upper bound on the number of cache lines and configure the cache parameters as 
follows.  
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Table 2. The external files and their associate element types used in our algorithm. 

File Element Type Element Size Number of Elements 
VertexT 12 N1 

Input mesh 
FaceT 12 M2 

Vertex ring VertexRingT (MAXDEG + 1)3 × 4 N 
Vertex quadric QuadricT 44 N 

Vertex flag unsigned character 1 N 
Face flag unsigned character 1 M 

Contrition flag unsigned character 1 N 
New vertex Index unsigned integer 4 N 
Contraction queue ContractionRecordT 8 N 

1. N: the number of vertices.  
2. M: the number of faces. 
3. MAXDEG: the upper bound of vertex connectivity. 

 
Given n caches, let the number of cache lines, the cache block size, the element size, 

and the weight of the i-th cache, respectively, be cli, bsi, esi, and cwi, for i = 1, 2, …, n. 
We further assume that CMS is the individual cache size in number of elements and that 
MemoryLimit is the size of the main memory space allocated to the cache layer, where  

1

 .
n

i i
i

MemoryLimit
CMS

cw es
=

=
×∑

                                             (12) 

Let the memory cost of the algorithm be MemoryCost. In our implementation, the 
cache parameters, i.e., csi and bsi for i = 1, 2, …, n, are determined as follows: 

 
If MemoryLimit ≥ MemoryCost,  

for i = 1 ~ n, cli = 1, and bsi = |V| or |F|. 
else if MemoryLimit = 0,  

for i = 1 ~ n, cli = 1, and bsi = 1. 
else  
for i = 1 ~ n, 

if CMS × cwi ≥ MAXBS × MAXCL, cli = MAXCL and bsi = MAXBS.  
else if CMS × cwi ≥ MAXBS × MINCL, cli = CMS × cwi/MAXBS and  

bsi = MAXBS. 
else if CMS × cwi ≥ MINBS × MINCL, cli = MINCL and  

bsi = CMS × cwi/MINCL. 

else .i i icl bs CMS cw = = ×   

 
To evaluate the performance of the cache layer, we conducted a number of experi-

ments on the Dragon and Happy Buddha meshes. The results are shown in Fig. 5. Ac-
cording to Fig. 5, the running times of cached simplification were significantly lower 
than those without a cache.  
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Fig. 5. The simplification times of CBPMS for the simplification of the Dragon and Happy Buddha 

meshes using 0-128 Mbytes cache buffers. 

3. EXPERIMENTAL RESULTS 

In this section, we will present the results of our experiments performed on a num-
ber of public domain meshes to evaluate the overall performance of the CBPMS algo-
rithm. The test meshes used in our experiments were downloaded from Stanford 3D 
Scanning Repository of the Stanford University. The mesh size ranged from 871K to 
over 28 million triangular faces. A detailed list of the information associated with these 
meshes is given in Table 3. 
 

Table 3. The test meshes 

Model Dragon Happy Buddha Lucy 
Number of Vertices 437,645 543,652 14,027,872 
Number of Faces 871,414 1,087,716 28,055,742 
File size (Kbytes) 15,341 19,118 493,168 

 
Prior to simplification, all these meshes were converted into a binary raw format 

that comprised a header with two unsigned integers to indicate the numbers of vertices 
and faces, a chunk of vertex coordinates in three floating-point numbers, and a chunk of 
triangular faces of a triplet of three vertex indices.  

The CBPMS algorithm was implemented in C++ code and compiled with Microsoft 
Visual C++ V6.0. All the tests were performed on a personal computer equipped with an 
Intel Pentium 4 Celeron 2.4 GHz CPU, 1Gbyte of PC2100 DDR-DRAM, and an IDE 
RAID system with two 7,200 RPM, 2Mbyte buffer hard disks running the Microsoft 
Windows 2000 operating system.      

The performance of a simplification algorithm can be evaluated in terms of the fol-
lowing: the memory cost, program running time, and output quality. With regard to the 
output quality, both the geometric errors and rendered images of the output meshes can 
be employed for numerical comparisons and visual examination. Since the source codes 
of most previous works are not available in the public domain, it is not easy to make a 
fair comparison between our works and the previous ones. Thus, here, we only compare 
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our work with the public domain software QSlim V2.0 provided by Garland [30] and an 
implementation of the OoCSx algorithm proposed by Lindstrom et al. [18].  
 
3.1 The Memory Costs and Running Times 
 

The new approach has two memory costs, i.e., the main memory and external mem-
ory costs. Regardless of the output space, the external memory cost amounts to 12n + 
12m + (MAXDEG + 1) × 4 × n + 44n + n + m + 4n + 8n = 160n bytes according to Table 
2. On the other hand, the main memory cost is determined by the amount of memory 
space pre-allocated for the cache buffers and the heap, which remains constant during 
simplification.  

The memory costs as well as the running times of the CBPMS and OoCSx algo-
rithms for simplification of the four test meshes are presented in Table 4. It should be 
noted that the running times of the OoCSx method presented in Table 4 include the pre-
processing time involved in conversion from the index faced mesh format to the STL 
format and the dereferencing time necessary for converting from the STL format to the 
index faced format; thus, the running times are longer than those presented in [18]. 
 

Table 4. The memory costs and running times of the CBPMS algorithm. 

Memory costs 
Mesh name Method 

Output 
Size 

Running 
times RAM DISK 

Reduction 
rates 

OoCSx 1,214 18 36 141 49,067 
Dragon 

CBPMS1 1,000 22 20 67 38,854 

OoCSx 6,008 23 36 176 46,801 
Happy Buddha 

CBPMS1 1,000 28 20 83 38,756 

OoCSx 2,202 1,167 36 4,549 24,030 
Lucy 

CBPMS1 1,000 2647 20 2,140 10,597 

1. MINCL = 20, MAXCL = 128, MINBS = 128, MAXBS = 4096. 

 
According to the results shown in Table 4, the reduction rates for the Dragon and 

Happy Buddha meshes are around 38.8K triangles per second, but the reduction rate de-
creases to about 10.6K triangles per second for the Lucy mesh. Apparently, the OoCSx 
approach performs faster than the CBPMS approach. However, considering the purpose 
of simplification, i.e., the generation of LOD meshes, the OoCSx approach can only out-
put a single resolution mesh at a time, while the CBPMS is capable of creating a set of 
LOD meshes in a single run. To generate a set of LOD meshes, one has to run the OoCSx 
method iteratively with different grid resolutions. Hence, if a set of LOD meshes is 
needed rather than a single LOD mesh, the CBPMS approach will be more preferable 
than the OoCSx method. Furthermore, it takes less execution time to generate a high 
resolution output than to create a low resolution one with the CBPMS method, but the 
situation is reversed when the OoCSx method is adopted. 

Regarding the memory costs, since the main memory costs of both methods are con-
stant, the amount of disk space in use determines the winner. From Table 4, it is obvious 
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that the CBPMS method outperforms the OoCSx, since it uses much less disk space. 
From the above comparisons, we can conclude that our method is significantly better 
than OoCSx. 
 
3.2 Evaluation of Output Quality 
 

The quality of the output meshes obtained with our new approach is examined here 
based on their approximation errors and visual appearance. The outputs of two previous 
works, an in-core greedy-based full edge collapse based method (QSlim V2.0) [30] and 
an out-of-core uniform grid vertex re-sampling method (OoCSx) [18], are compared with 
the outputs of our method (CBPMS).   
 
3.2.1 The quantitative approach 
 

To measure the approximation errors of the output meshes, we used a famous public 
domain software program called Metro V3.1 [31]. However, owing to the limitations of 
QSlim and Metro, the comparisons presented here are restricted to model sizes under two 
million triangles. Thus, only the results of simplification of the Dragon and Happy Bud-
dha meshes are provided in Fig. 6. 

0.000001

0.000010

0.000100

0.001000

0.010000

0.100000

1.000000

1,000 10,000 100,000 1,000,000

Output Size (triangles)

M
ea

n 
E

rr
or

 (
%

 w
ith

 r
es

pe
ct

 to
 B

.B
.D

) 

QSlim V2.0 OoCSX CBPMS (DCS=2)

 

0.000001

0.000010

0.000100

0.001000

0.010000

0.100000

1.000000

1,000 10,000 100,000 1,000,000

Output Size (triangles)

M
ea

n 
E

rr
or

 (
%

 w
ith

 r
es

pe
ct

 to
 B

.B
.D

) 

QSlim V2.0 OoCSX CBPMS (DCS=2)

 
(a) Dragon meshes.                     (b) Happy Buddha meshes. 

Fig. 6. The approximation errors of the simplified. 

 
According to the results shown above, the mean geometric errors of the output 

meshes generated by our method (CBPMS) are very close to those generated by QSlim 
and are significantly lower than those created by the OoCSx method.  
 
3.2.2 The visual approach 
 

In addition to the approximation errors, another commonly used way to evaluate the 
output quality of a simplification algorithm is to visually examine the rendered images of 
its outputs. Figs. 7-9 show the rendered images of the original models as well as the sim-
plified outputs of QSlim V2.0, OoCSx, and the CBPMS. 
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(a)                (b)               (c)               (d) 

Fig. 7. The rendered images of the Dragon meshes: (a) the original resolution and its simplified 
ones with 5,000 faces generated from: (b) the QSlim V2.0; (c) the OoCSx (5,086 faces, 
re-sampled using 32 × 23 × 15 Grids); (d) the CBPMS (DCS = 2). 

                      
(a)               (b)               (c)               (d) 

Fig. 8. The rendered images of the Happy Buddha meshes: (a) the original resolution and its sim-
plified ones with 5,000 faces generated from: (b) the QSlim V2.0; (c) the OoCSx (5,268 
faces re-sampled using 15 × 37 × 16 Grids); (d) the CBPMS (DCS = 2). 

                   
(a)               (b)               (c)               (d) 

Fig. 9. The rendered images of the simplified Lucy meshes generated by the CBPMS (DCS = 2): (a) 
5,728 triangles (0.02%); (b) 317,826 triangles (1.13%); and the OoCSx: (c) 8,970 triangles 
(0.03%); (d) 53,800 triangles (1.92%). 

 
Owing to the limitation imposed by the large main memory cost, it is not possible to 

create a simplified Lucy mesh using the QSlim V2.0. Therefore, we only show two ap-
proximations of the Lucy mesh generated by the OoCSx and CBPMS methods in Fig. 9. 
From the rendered images shown in Figs. 7-8, it is clear that the quality of the output 
meshes generated by our method are nearly as good as that of the meshes created by 
QSlim V2.0 and are significantly better than that of the meshes created by the OoCSx 
method.   

4. CONCLUSIONS 

In this paper, we have proposed a novel cache-based polygonal mesh simplification 
(CBPMS) algorithm that uses iterative half-edge collapses and quadric error metrics 
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based on a framework similar to the independent queuing. Essentially, it is an external 
memory version of traditional iterative edge collapse based PMS algorithm with the fol-
lowing modifications. First, instead of applying traditional strategy, we invent a set of 
more flexible strategies for the removal of dependent contractions. Second, , a small con-
stant sized heap is built inside the main memory space rather than a large in-
put-dependent sized greedy queue in external memory space for better locality of refer-
ences and thus better run-time efficiency. Third, a cache layer is implemented to improve 
external memory accesses efficiency. Different from the previous related works [12, 18, 
20, 21], our new approach accepts common index faced meshes instead of the STL for-
matted meshes and does not require pre-sorting of the input sequence. Furthermore, the 
main memory cost of our new approach is not only independent of the input or output 
mesh size but also constant and scalable [12, 19-22, 24].   

According to the results presented in this paper, we can conclude that our new ap-
proach, CBPMS, has at least four attractive features. First, the main memory cost is con-
stant. By placing the data structures in the external memory space and building a constant 
sized heap rather than a large one in external memory, the CBPMS algorithm requires 
only a fixed amount of main memory space for the cache buffers and the heap. Second, 
the use of a cache layer enables us to design the simplification layer regardless of the 
main memory size. This feature could be introduced into most of the previously proposed 
algorithms. Third, the CBPMS algorithm is insensitive to both the input and the output 
mesh sizes; hence, theoretically, it is capable of simplifying arbitrarily large meshes re-
gardless of the constraints set by the disk space and the numeric system. According to the 
presented experimental results, our new approach is capable of simplifying a very large 
mesh that comprises over 28 million triangles. The last feature of CBPMS is that it is 
capable of generating very high quality approximations that approach the quality of the 
outputs of traditional in-core simplification algorithms (QSlim V2.0).  

From the experiments, we have noticed that the reduction rate for simplifying the 
Lucy mesh is lower than those for the Dragon and Happy Buddha meshes. Hence, a fur-
ther improvement on the reduction rate may be achieved. To address this issue, we sug-
gest two possible improvements to CBPMS. The first involves improving the locality of 
the references of the input sequence by applying a preprocessing stage, such as an exter-
nal spatial sort. The second improvement could be made in the simplification layer, 
where we may further integrate the operations to yield better runtime efficiency and ref-
erence locality.  
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