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Abstract—Complex name constitution plus huge-sized name
routing table makes wire speed name lookup a challenging task
in Named Data Networking. To overcome this challenge, we
propose two techniques to significantly speed up the lookup
process. First, we look up name prefixes in an order based on
the distribution of prefix length in the forwarding table, which
can find the longest match much faster than the linear search of
current prototype CCNx. The search order can be dynamically
adjusted as the forwarding table changes. Second, we propose a
new near-perfect hash table data structure that combines many
small sparse perfect hash tables into a larger dense one while
keeping the worst-case access time of 𝑂(1) and supporting fast
update. Also the hash table stores the signature of a key instead of
the key itself, which further improves lookup speed and reduces
memory use.
keywords—Named Data Networking; Name Lookup; Perfect
Hash Table; Linear Search; Random Search.

I. I NTRODUCTION
Named Data Networking (NDN) is a new Internet architecture that routes and forwards packets based on names
rather than addresses. While it brings important benefits to
application development, network efficiency and resiliency,
and data-centric security, NDN also poses some technical
challenges. One of such challenges is fast, scalable, and efficient forwarding lookup. In NDN, the Forwarding Information
Base (FIB) stores name prefixes and corresponding next-hops.
When a packet needs to be forwarded, the packet’s name will
be used to do a longest prefix match (LPM) lookup against the
FIB to find the next-hops. Though conceptually this process is
very similar to IP’s forwarding lookup, its high-performance
realization is very challenging:
∙ Fast name lookup. Unlike IP addresses, which have
fixed-length of 32 bits or 128 bits, NDN names have
variable and unbounded length, and usually contain tens
or hundreds of characters. These long, variable-length
names will make conventional lookup algorithms timeconsuming, especially considering the ever-increasing
link speed, e.g., 40 Gbps (OC-768) is already deployed
and 100 Gbps Ethernet is coming up. Thus wire-speed
forwarding lookup is a significant challenge in NDN.
∙ Efficient memory use. NDN’s FIB is expected to be much
larger than IP’s because (1) in each FIB entry the NDN
c
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name takes more space than an IP address, and (2) the
number of name prefixes (i.e., aggregates of contents) is
larger than the number of IP prefixes (i.e., aggregates of
addresses). An NDN FIB may contain tens of millions
of name prefixes or even more. Therefore careful design
of FIB data structure is needed in order to use memory
space efficiently.
∙ High update rate. In addition to changes in network
topology and routing policy, an NDN router may also
need to handle updates caused by content publishing and
deletion, which makes FIB update much more frequent
than that of today’s Internet. Thus the design should
support fast update operations, including insertion and
deletion, while keeping name lookup fast.
The current prototype implementation, CCNx [1], achieves
LPM as follows. The FIB is a hash table keyed by name prefixes. Given a hierarchical name with a number of components,
CCNx retrieves all possible prefixes from the name, conducts
exact-match search of the prefixes, from the longest to the
shortest, in the FIB, and stops when the first match is found.
The overall forwarding performance, however, is at least an
order of magnitude below wire speed [2].
NameFilter [3] is a recent work to address this problem. It
is a two-stage, Bloom filter-based scheme. In the first stage
it determines the prefix length of a name, and in the second
stage it looks up the prefix in a group of Bloom filters. By
optimizing the hash value calculation of names, as well as
a careful design of the data structure for storing multiple
Bloom filters, NameFilter significantly reduces the memory
access time and speeds up the overall lookup process. Its
performance, however, depends on the distribution of prefix
length and the number of ports in the router. The prefix
distribution determines the number of Bloom filters in the
first stage, and the number of ports determines the number
of Bloom filters in the second stage. With unfavorable prefix
distribution and large number of ports, NameFilter’s speed
may decrease.
After analyzing existing schemes, we identified two specific
technical challenges in order to accelerate LPM name lookup:
(1) how to quickly find the length of the longest prefix, and
(2) how to speed up hash table operations. To address the first
challenge, we precompute the distribution of prefix length of
all prefixes in FIB, and use the distribution to guide the search
of longest match. This is different from CCNx’s linear search
or NameFilter’s Bloom filter approach, and it turns out to be

a very effective technique. To address the second challenge,
we designed a new hash table data structure to reduce access
time as well as memory use. More specifically, we make the
following major contributions in this paper:
1) We develop an adaptive greedy strategy to search for the
longest matching prefix. The search is greedy and fast
since it is guided by the knowledge of prefix distribution,
and adaptive since it can dynamically adjust the search
path in response to any changes in prefix distribution.
This method not only speeds up name lookup but
also is resilient to an attack of very long names. The
overhead is the storage of some additional prefixes, but
the percentage of these extra entries decreases as the
FIB size increases.
2) We develop a novel near-perfect hash table data structure
that combines many small sparse perfect hash tables
into a larger dense one, which keeps the worst-case
access time of 𝑂(1). This new data structure stores the
signature of a key (i.e., prefix) in each entry instead of
the key itself, which further improves lookup speed and
reduces memory use.
3) We conduct extensive experiments on different prefix
tables and traces to evaluate our algorithm. Experiments
on a commodity PC server with 10M name prefixes
show that our name lookup engine achieves 41.74 MSPS
(Millions Searches Per Second) by using only 247.20
MB memory, which is 12.56 times of speedup and
46.73% memory saving over CCNx. Our scheme also
has a 24.5% speedup against NameFilter, with only 5.5%
more memory, and it avoids NameFilter’s problem of
degrading performance as the number of ports increases.
Furthermore, our scheme is scalable to large forwarding
tables, and supports insertions of 0.75M per second and
deletions of 3.08M per second while keeping high speed
name lookup.
The rest of this paper is organized as follows. The name
lookup process in CCNx and the greedy name lookup mechanism are presented in Section II. Then, we describe the
designs of the basic and improved string-oriented perfect hash
tables in Section III. In Section IV, we conduct extensive
experiments to evaluate the performance of the greedy name
lookup mechanism. After reviewing related work in Section V,
we conclude the paper in Section VI.
II. NAME L OOKUP M ECHANISMS
A. Name lookup process in CCNx
CCNx [1] is an open source project in early stage development exploring the next step in networking, based on a
fundamental architectural change: replacing named hosts with
named content as the primary abstraction. CCNx is based upon
the CCN architecture and sponsored by the Palo Alto Research
Center (PARC). There are some projects and organizations
working on CCNx as well, including CONNECT project [4],
CCN project [5] and NDN Project [6].
The name lookup process in CCNx [7] is illustrated in
Figure 1. In CCNx, the name lookup process first generates
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Fig. 1: The name lookup process in CCNx.
all the possible prefixes from the searched name. Then, these
candidate prefixes are sorted in a descending order according
to the component number of prefixes. Finally, the program
looks up the candidate prefixes one by one until matching or
failure. For example, in Figure 1, the name /a/b/c/d generates
4 prefixes: /a/b/c/d, /a/b/c, /a/b and /a. Then the longest prefix
/a/b/c/d is first searched in the FIB. If there is an entry in the
FIB matching /a/b/c/d, the name lookup process terminates
and returns the corresponding action in that entry. Otherwise,
the next shorter prefix is looked up in FIB one by one and the
procedure will stop until matching or after exhausting all the
prefixes.
B. Greedy name lookup mechanism
Name lookup in NDN is a search process to find the longest
prefix corresponding to a given key, i.e. the name. As described
in Section II-A, the name lookup process in CCNx searches
the longest prefix by enumerating all the possible prefixes of
a name and looking up the candidate prefixes one by one in
a descending order according to the component number of
prefixes until matching or failure. Therefore, the name lookup
process in CCNx usually takes several hash table searches
before finding the right longest prefix. In our experimental
setup on prefixes tables and traces (See Section IV-A), CCNx
takes 4.81 searches to find the longest prefix in average.
In fact, we can speed up the name lookup mechanism
by improving the search process. Table I demonstrates the
prefixes distributions of 3M and 10M prefix table (Also see
Section IV-A) based on the component number of prefixes,
respectively. Here, 2,129,835 prefixes consist of 2 components
and 391,377 prefixes consist of 3 components, which are
83.70% and 15.38% of 3M prefix table, respectively. Meanwhile, 2,125,845 prefixes with 2 components are the longest
prefixes (leaf prefixes1 ), sharing 83.54% of the entire table..
Therefore, if we first search the prefix with 2 components
of the name, the probability of returning the longest prefix
is 83.54%. The distributions of 3M and 10M prefix table enlighten us to optimize the name lookup process by rearranging
the search order of candidate prefixes according to the prefix
distribution in a prefix table.
In order to explain the greedy name lookup mechanism
clearly, we present the greedy name lookup process in the
form of state transition diagram illustrated in Figure 2. There

TABLE I: The distribution of 3M and 10M prefix table.
3M prefix table
Components #
1
2
3
4
5
6
7
Names #
224 2,129,835 391,377 21,664 1,598 76 17
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0
0
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Fig. 2: The state transition diagram of name lookup process.
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Fig. 3: The 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array of 3M prefix table.
are 4 states, state-0 is the start state, state-1 is the end state,
state-2 and state-3 are the middle states. And the functions of
the 4 states and the transitions between them are shown in the
following:
1) State-0 generates the prefix with 𝑁 𝑢𝑚𝑏𝑒𝑟 components
from the input 𝑁 𝑎𝑚𝑒, and searches the prefix in the
hash table. If the prefix is found, state-0 transits to state1 when the prefix is a leaf prefix, or state-0 transits to
state-2 when the prefix is an inner prefix2 . If the prefix
is missed, state-0 transits to state-3.
2) State-1 stops the name lookup process and returns the
result.
3) State-2 gets the next prefix’s component number
𝑁 𝑢𝑚𝑏𝑒𝑟 from the 𝑁 𝑒𝑥𝑡 array, and transits to state-0.
4) State-3 gets the next prefix’s component number
𝑁 𝑢𝑚𝑏𝑒𝑟 from the 𝐵𝑎𝑐𝑘 array, and transits to state-0.
C. Algorithms for constructing 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array
Here, we build 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array according to
the distribution of the prefix table in advance. 𝑁 𝑒𝑥𝑡 array
indicates the component number of next searched prefix when
the current prefix is found and the prefix is an inner prefix.
Contrarily, 𝐵𝑎𝑐𝑘 array indicates the next component number
when the prefix with current component number is missed.
Figure 3 illustrates the 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array of 3M
1 A leaf prefix is the longest prefix for which the name lookup process
searches. In this scene, the search process stops and returns the result when
finding a leaf prefix.
2 A name prefix is an inner prefix, if and only if it is the prefix of another
name prefix.

1: procedure BuildArrays(LeafPrefixes[1..k])
2:
𝑁 𝑢𝑚[1..𝑘] ← 𝑆𝑜𝑟𝑡(𝐿𝑒𝑎𝑓 𝑃 𝑟𝑒𝑓 𝑖𝑥𝑒𝑠[1..𝑘]);
3:
𝑁 𝑒𝑥𝑡[1..𝑘] ← (−1, ..., −1); 𝐵𝑎𝑐𝑘[1..𝑘] ← (−1, ..., −1);
4:
for 𝑖 ← 1 to 𝑘 do
5:
𝑁 𝑒𝑥𝑡[𝑁 𝑢𝑚[𝑖]] ← 0; 𝐵𝑎𝑐𝑘[𝑁 𝑢𝑚[𝑖]] ← 0;
6:
for 𝑗 ← 𝑖 + 1 to 𝑘 do
7:
𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑡𝑟𝑢𝑒;
8:
if 𝑁 𝑢𝑚[𝑖] < 𝑁 𝑢𝑚[𝑗] then
9:
for 𝑚 ← 𝑁 𝑢𝑚[𝑖] + 1 to 𝑁 𝑢𝑚[𝑗] − 1 do
10:
if 𝑁 𝑒𝑥𝑡[𝑚] ≥ 0 then
11:
𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 ← 𝑓 𝑎𝑙𝑠𝑒;
12:
break;
13:
if 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑡𝑟𝑢𝑒 then
14:
𝑁 𝑒𝑥𝑡[𝑁 𝑢𝑚[𝑖]] ← 𝑁 𝑢𝑚[𝑗];
15:
16:
17:
18:
19:
20:
21:

else
for 𝑚 ← 𝑁 𝑢𝑚[𝑗] + 1 to 𝑁 𝑢𝑚[𝑖] − 1 do
if 𝑁 𝑒𝑥𝑡[𝑚] ≥ 0 then
𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 ← 𝑓 𝑎𝑙𝑠𝑒;
break;
if 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑡𝑟𝑢𝑒 then
𝐵𝑎𝑐𝑘[𝑁 𝑢𝑚[𝑖]] ← 𝑁 𝑢𝑚[𝑗];

prefix table. Since the prefixes with 2 components have the
maximal number of leaf prefixes, the first input 𝑁 𝑢𝑚𝑏𝑒𝑟
in Figure 2 is 2. And 𝑁 𝑒𝑥𝑡[2] is 3 as the number of leaf
prefixes with 3 components is second only to the number of
leaf prefixes with 2 components. Besides, 𝑁 𝑒𝑥𝑡[1] is 0 as the
number of leaf prefixes with 2 components is greater than
the number of leaf prefixes with 1 component, which means
the prefix with 2 components is always searched ahead of the
prefixes with 1 component and the process should be stopped
if matched. 𝐵𝑎𝑐𝑘 array has the opposite characteristic. In
𝐵𝑎𝑐𝑘 array, the longer prefixes with lower priority is set to 0,
because the second only shorter prefixes have been searched.
The building processes of 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array are
described in Algorithm 1.
The 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array can be dynamically adjusted to the optimal search path of name lookup according to
the changes of the prefix table. Meanwhile, the 𝑁 𝑒𝑥𝑡 array and
𝐵𝑎𝑐𝑘 array have the same length, which equals the maximal
prefix’s length in the FIB. The limit lengths of 𝑁 𝑒𝑥𝑡 array and
𝐵𝑎𝑐𝑘 array can prevent the attack on the scheme of providing
names with one hundred components, or even more.
In order to explain the building processes of 𝑁 𝑒𝑥𝑡 array
and 𝐵𝑎𝑐𝑘 array more clearly, Figure 4 illustrates an example. Suppose the 𝑁 𝑢𝑚 array {3,1,6,2,4,5} is sorted in
a descending order according to the number of leaf prefixes which share the same number of components. The
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Fig. 4: The building process of 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array.
building process of 𝑁 𝑒𝑥𝑡 array has 6 iterations: First, the
building process starts from 𝑁 𝑢𝑚[1]=3, and finds that the
𝑁 𝑢𝑚[3]=6 is greater than 𝑁 𝑢𝑚[1]. At the same time, 𝑁 𝑒𝑥𝑡[4]
and 𝑁 𝑒𝑥𝑡[5] are not used, so 𝑁 𝑢𝑚[3] is available and we
get 𝑁 𝑒𝑥𝑡[𝑁 𝑢𝑚[1]]=𝑁 𝑒𝑥𝑡[3]=6; Then the process moves to
𝑁 𝑢𝑚[2]=1, and finds that 𝑁 𝑢𝑚[4]=2 is available, so we get
𝑁 𝑒𝑥𝑡[𝑁 𝑢𝑚[2]]=𝑁 𝑒𝑥𝑡[1]=2; The rest 4 iterations are similar
to the first and the second iterations which have been shown
in Algorithm 1 from line 6 to line 17. The building process
of 𝐵𝑎𝑐𝑘 array also has 6 iterations and each iteration has
been described in Algorithm 1 from line 18 to 28. Finally, the
process generates the 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘 array to guide the
name lookup operation.
D. FIB reconstruction
Greedy name lookup process employs 𝑁 𝑒𝑥𝑡 array and
𝐵𝑎𝑐𝑘 array to optimize the search path. However, the original
CCNx FIB structure does not support 𝑁 𝑒𝑥𝑡 array and 𝐵𝑎𝑐𝑘
array. For instance, supposing that prefix “/a/b/c” is the longest
prefix of name “/a/b/c/d”, the input 𝑛𝑢𝑚𝑏𝑒𝑟 is 2, and the 𝑁 𝑒𝑥𝑡
array and 𝐵𝑎𝑐𝑘 array are {0,3,4,0} and {0,1,0,0}, respectively.
If the prefix “/a/b” is not found in the hash table, the process
will move to the prefix “/a” and finally returns a failure, which
would cause a mistake. In order to support greedy name lookup
mechanism, therefore, we need to add the prefix “/a/b” and
“/a” to the FIB as inner prefixes when the prefix “/a/b/c” is
inserted into the prefix table.
The experimental results (illustrated in Section IV-B3)
demonstrate that a reconstructed FIB on 10M prefix table
needs to store 14.4% additional prefixes, and the percentage
of extra entries decreases while the FIB size increases.
III. S TRING - ORIENTED P ERFECT /N EAR -P ERFECT
H ASH TABLE D ESIGN
CCNx applies hash table to construct the FIB, hence a
good design of hash table would effectively improve the
name lookup performance. Chaining data structure is used
to solve the hash collisions, therefore the time complexity
of hash table search in CCNx is 𝑂(1 + 𝛼/2) [8]. On the
other hand, the search time complexity of Perfect Hash Table
(PHT) is 𝑂(1) [9], [10]. For boosting the hash table search
speed, we first present a basic string-oriented perfect hash

Bi
0
1
2
3
4
5
6
7
8
9

hi
h1
/
/
/
/
h3
/
h2
/
/

mi ai
m0 a0

PHT0
/ /

/

/

/

PHT5
m5 a5
PHT7
m7 a7

/

/

key Action
k1 …
k2 …
k3 …
k4 …
k5 …
k6 …
k7 …

Fig. 5: Basic string-oriented perfect hash table.
table in Subsection III-A, which achieves near minimal perfect
hash table and reduces the search time complexity from
𝑂(1 + 𝛼/2) to 𝑂(1). Then, in Subsection III-B, we continue
to improve the basic string-oriented prefect hash table for
further speeding up hash table search and reducing memory
consumption. The incremental update mechanism for both the
basic and the improved string-oriented near-perfect hash table
is introduced in Subsection III-C. Finally, Subsection III-D and
Subsection III-E analyze the perfect hash table search speed
and the false positive introduced by replacing the string key
with its signature, respectively.
A. Basic string-oriented perfect hash table
First of all, we give the definitions of perfect hash function
and perfect hash table. In all situations, a “universe” 𝑈 of possible keys is given, and a set 𝑆 ⊆ 𝑈 of size 𝑛 = ∣𝑆∣ of relevant
keys is given as input. The range is [𝑚] = 0, 1, ..., 𝑚 − 1.
The definition of perfect hash function, minimal perfect hash
function, perfect hash table and minimal perfect hash table are
described in Definition 1, 2, 3 and 4, respectively.
Definition 1: Perfect Hash Function (PHF): Suppose that
𝑆 is a subset of size 𝑛 of the universe 𝑈 . A function ℎ(⋅):
𝑆 ∈ [𝑚] is called a perfect hash function for 𝑆 ⊆ 𝑈 , when
restricted to 𝑆, it is injective (one-to-one) [11], [12].
Definition 2: Minimal Perfect Hash Function (MPHF): Let
∣𝑆∣ = 𝑛. A perfect hash function ℎ(𝑆) is minimal if ℎ(𝑆)
equals 0, 1, ..., 𝑛 − 1 (𝑛 = 𝑚) [11], [12].
Definition 3: Perfect Hash Table (PHT): If all keys are
known ahead of time, a perfect hash function can be used
to create a perfect hash table with no collisions [11], [12].
Definition 4: Minimal Perfect Hash Table (MPHT): If all
keys are known ahead of time, a minimal perfect hash function
can be used to create a minimal perfect hash table with no
collisions [11], [12].
Similar to other perfect hash table algorithms [10], [11],
[12], the construction process of the Basic string-oriented
Perfect Hash Table (BPHT) contains 3 steps：
1) Partition. The set 𝑆 containing 𝑛 keys is divided into 𝑚
small buckets according to their hash values. In Figure 5,
7 keys in 𝑆 are assigned to 3 buckets 𝐵0 , 𝐵5 and 𝐵7
based on their hash values.
2) Displace. A hash function ℎ𝑖 (⋅) and a small hash table
with 𝑚𝑖 entries are chosen for each bucket 𝐵𝑖 . Every
key 𝑘𝑖𝑗 in bucket 𝐵𝑖 does not conflict with other keys in
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Fig. 6: Merge and compress lots of small sparse perfect hash tables
into one dense perfect hash table.

the same bucket 𝐵𝑖 . In other words, there are 𝑘𝑖𝑝 ∈ 𝐵𝑖 ,
𝑘𝑖𝑞 ∈ 𝐵𝑖 and 𝑘𝑖𝑝 ∕= 𝑘𝑖𝑞 , which can derive the result
that (ℎ𝑖 (𝑘𝑖𝑝 ) mod 𝑚𝑖 ) ∕= (ℎ𝑖 (𝑘𝑖𝑞 ) mod 𝑚𝑖 ). Finally,
a small perfect hash table for the keys in bucket 𝐵𝑖 is
built. In Figure 5, the keys in buckets 𝐵0 , 𝐵5 and 𝐵7
are inserted into three small perfect hash tables 𝑃 𝐻𝑇0 ,
𝑃 𝐻𝑇5 and 𝑃 𝐻𝑇7 , respectively.
3) Merge and compress. After step 2, there are a lot of
small sparse perfect hash tables 𝑃 𝐻𝑇𝑖 . Typically, 𝑚𝑖 is
set to ∣𝐵𝑖 ∣2 = 𝑛2𝑖 , which means the load factor of perfect
𝑛𝑖
hash table 𝑃 𝐻𝑇𝑖 is 𝑚
= 𝑛1𝑖 . So the small perfect hash
𝑖
tables of 𝐵𝑖 are sparse and have large potential space
for memory saving. Meanwhile, the small sparse perfect
hash tables should be merged and compressed to reduce
memory consumption. Tarjan and Yao [13] proposed a
merge strategy to compress the storage of two-dimension
state transition tables. Inspired by this merging strategy,
we combine many small sparse perfect hash tables into a
larger dense one while keeping the performance of 𝑂(1)
worst case access time. After merging, 𝑎𝑖 is used to store
the basic offset of 𝑃 𝐻𝑇𝑖 in the total prefect hash table,
𝑚𝑖 is still used to represent the length of 𝑃 𝐻𝑇𝑖 , and the
entry address of 𝑘𝑖𝑝 can be calculated by 𝑎𝑖 + (ℎ𝑖 (𝑘𝑖𝑝 )
mod 𝑚𝑖 ). For instance, 𝑃 𝐻𝑇0 , 𝑃 𝐻𝑇5 and 𝑃 𝐻𝑇7 are
merged into one larger perfect hash table in Figure 6.
𝑃 𝐻𝑇0 [2], 𝑃 𝐻𝑇0 [5] and 𝑃 𝐻𝑇0 [7] are occupied and the
remaining 5 entries are available in 𝑃 𝐻𝑇0 , while in
𝑃 𝐻𝑇7 , 𝑃 𝐻𝑇7 [0], 𝑃 𝐻𝑇7 [1] and 𝑃 𝐻𝑇7 [4] are occupied,
so 𝑃 𝐻𝑇0 and 𝑃 𝐻𝑇7 are merged where 𝑎0 and 𝑎7 are
both set to 0. Because 𝑃 𝐻𝑇5 [0] in 𝑃 𝐻𝑇5 is in conflict
with 𝑃 𝐻𝑇7 , 𝑎5 is set to 3 to avoid conflict.
The load factor 𝛼 in the BPHT described above can achieve
0.99, or even larger [11], [13], [14], so BPHT is a near minimal
perfect hash table.

still has room for improvement.
1) Memory. For evading collisions, a hash table entry still
needs to store the corresponding string key which costs more
than 50% of the FIB memory in our experimental setup.
2) Speed. A key takes two steps to get the matched entry:
calculating the bucket and searching in the perfect hash table
based on the offset of the bucket. After finding the entry, we
need to compare the input key with the key stored in the entry
to decide whether they are matched. In this way, the overhead
of both the hash calculation and the string comparison costs
more than 70% of the expense spent by a hash table search.
3) Update. Inserting a new key into FIB will cause collisions
between the new key and the existing one, so the bucket needs
to choose a new hash function or build a new small hash table
to keep the consistency of perfect hash table. In the worst case,
the bucket should be moved to a new address of the hash table
and all keys in the bucket should be re-inserted.
To reduce memory cost and improve search performance,
the perfect hash table stores the signature of a key in the entry,
instead of storing the key itself as shown in Figure 7. The
improved string-oriented perfect hash table is much shorter
than BPHT. Since a key’s signature is much shorter in length
than itself, the size of each entry is dramatically shrunk. At
the same time, compared to the variable-length of a key, a
signature is fixed-length, hence the hash table search process
simply compares the signatures instead of the keys and this
will speed up the search process significantly.
Furthermore, we reconstruct the hash function ℎ(⋅) to calculate the hash value and signature of a key in one time
string scanning. In other words, we redesign the hash function
< 𝐵𝑖 >← ℎ(𝑘𝑒𝑦) as < 𝐵𝑖 , 𝑆𝑖𝑔𝑛(𝑘𝑒𝑦) >← ℎ(𝑘𝑒𝑦). And the
final address of key 𝑘𝑖𝑝 in the hash table is calculated by
𝑎𝑖 + (𝑆𝑖𝑔𝑛(𝑘𝑖𝑝 ) mod 𝑚𝑖 ). As a result, the hash table search
process scans the key one time in average, saving 66.7% operations compared to the original 3 times key scanning. Given
the update performance of the perfect hash table is related to
the search process, the search performance improvement by
leveraging signature also benefits the fast incremental update.

B. Improved string-oriented near-perfect hash table
The BPHT described in Subsection III-A achieves near
minimal perfect hash table, and reduces the time complexity of
hash table search from 𝑂(1 + 𝛼/2) to 𝑂(1) which effectively
improves the name lookup speed in CCNx. However, BPHT

C. Incremental update
As presented in Figure 6, a lot of small sparse perfect
hash tables are merged into one large dense hash table for
saving memory. However, the bucket information of an entry

is lost during the merging process, which causes the perfect
hash table no longer supports incremental update. To keep
the incremental update ability, a new field is added to each
entry of the perfect hash table, which is used to record
the bucket information. Because the keys of bucket 𝐵𝑖 are
stored in the entries from 𝑎𝑖 to 𝑎𝑖 + 𝑚𝑖 , we can scan these
𝑚𝑖 entries and compare the bucket information 𝐵𝑖 to filter
out the keys. Therefore, the BPHT recovers the ability of
incremental update. However, the improved string-oriented
perfect hash table still fails to support incremental update, all
signatures should be recalculated from the original keys when
the signatures of the keys have collisions. For instance, the
keys of bucket 𝐵0 are stored in the perfect hash table from
𝑎0 = 0 to 𝑎0 + 𝑚0 = 7 in Figure 7. And the keys belonging
to bucket 𝐵0 can be distinguished from the value of 𝐵𝑖 in
the entry. Here, 3 keys of bucket 𝐵0 are stored in locations
2, 5, 7. When a new key 𝑘8 with 𝑆𝑖𝑔𝑛(𝑘0 ) = 𝑆𝑖𝑔𝑛(𝑘8 ) is
inserted into bucket 𝐵0 , the signatures of keys in bucket 𝐵0
should be recalculated to resolve the conflict. Unluckily, there
is no original key stored in the entries. Therefore, the improved
string-oriented perfect hash table cannot support incremental
update.
However, similar to IP routers, NDN routers also have
control plane and data plane. And the routing table, used
to generate the forwarding table, is stored and maintained
in control plane. Therefore, we apply BPHT to construct
the routing table and leveraging the improved string-oriented
perfect hash table to construct the forwarding table. As a result,
the original keys of a bucket can be found in the routing table.
Finally, with the help of the routing table, the forwarding table
completely supports incremental update.
D. Search performance analysis for the improved stringoriented near-perfect hash table
The set 𝑈 of string keys is infinite, while the signature is
fixed-length and finite. Hence, it is possible that two or more
keys in the same bucket 𝐵𝑖 have the same signature. In this
case, bucket 𝐵𝑖 needs to find a new hash function ℎ𝑖 (⋅) which
guarantees all the keys in 𝐵𝑖 have different signatures. As a
result, the perfect hash table search process takes more time
to recalculate the signature based on the hash function ℎ𝑖 (⋅)
when there are collisions with default signatures in bucket 𝐵𝑖 .
Fortunately, the probability of recalculating the signature is
very low, which can be calculated by the following formulas.
Suppose that the outputs of hash function ℎ(⋅) are perfectly
random. Then, the number of keys in bucket 𝐵𝑖 obeys Poisson
Distribution when the number of keys in set 𝑆 is large.
Therefore, the probability of a bucket with 𝑘 keys can be
calculated by Formula 1.
𝑛

𝑛 𝑘
𝑒− 𝑚 ∗ ( 𝑚
)
(1)
𝑃 (𝑘) =
𝑘!
Here, 𝑛 is the total number in set 𝑆, and 𝑚 is the number of
buckets. A bucket contains 𝑘 keys, the probability of that 𝑘
keys have different 𝑘 signatures can be calculated by Formula
2.
𝑃𝑠 (𝑘) = 𝑃𝑠 (𝑘∣𝑘 − 1) ∗ 𝑃𝑠 (𝑘 − 1)

𝑃𝑠 (𝑘) =

𝑘
∏

𝑃𝑠 (𝑖∣𝑖 − 1) ∗ 𝑃𝑠 (1) =

𝑖=2

𝑘
∏

𝑃𝑠 (𝑖∣𝑖 − 1)

(2)

𝑖=2

Since, 𝑃𝑠 (𝑘∣𝑘 − 1) = 1 − 𝑘−1
𝑁 . Here, 𝑁 is the number of
different signatures. We can derive the Formula 3 to compute
the probability of collisions among the signatures of the 𝑘 keys
in the same bucket.
𝑃𝑐 (𝑘) = 1 −

𝑘
∏

(1 −

𝑖=1

𝑖−1
)
𝑁

(3)

Derived from Formula 1 and Formula 3, the average probability of collision can be calculated by Formula 4.
𝑃𝑐 =

𝑛
∑

(𝑃𝑐 (𝑘) ∗ 𝑃 (𝑘)) =

𝑘=1

𝑛
∑

(1 −

𝑃𝑐 =

𝑘=1

(1 −

𝑖=1

𝑘=1
𝑛
∑

𝑘
∏

𝑘
∏
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)) ∗ 𝑃 (𝑘)
𝑁

𝑛

𝑛 𝑘
𝑒− 𝑚 ∗ ( 𝑚
)
𝑖−1
)) ∗
(1 −
(1 −
𝑁
𝑘!
𝑖=1

(4)

In our experimental setup, a signature has 4 bytes which
means 𝑁 = 232 , and 𝑚 = 𝑛/4. So the average probability
of recalculating a key’s signature is about 1.8 ∗ 10−9 , which
means the search in improved string-oriented perfect hash table
scans 1 + 1.8 ∗ 10−9 times of the key in average. Compared
with the search in BPHT, the improved string-oriented perfect
hash table speeds up 2 times.
E. The false positive
The improved string-oriented perfect hash table will not
cause false negative, since all the keys in the same buckets
have a unique signature to be identified. But it will cause false
positive in the following scenario: a searched key 𝑘𝑒 does not
belong to the keys set 𝑆, but has < 𝐵𝑖 , 𝑆𝑖𝑔𝑛(𝑘𝑒 ) >← ℎ(𝑘𝑒 ).
By coincidence, 𝑆𝑖𝑔𝑛(𝑘𝑒 ) is equal to a signature 𝑆𝑖𝑔𝑛(𝑘𝑖𝑝 ) of
key 𝑘𝑖𝑝 in the bucket 𝐵𝑖 where 𝑘𝑒 ∕= 𝑘𝑖𝑝 . Finally, the search
process returns the entry of key 𝑘𝑖𝑝 to key 𝑘𝑒 , which causes
false positive. The false positive probability of this scenario
can be calculated by Formula 5.
𝐹 𝑃 (𝑘) =

𝑘
𝑁

(5)

According to Formula 1, the average false positive probability can be derived to Formula 6.
𝐹𝑃 =

𝑛
∑

𝐹 𝑃 (𝑘) ∗ 𝑃 (𝑘) =

𝑘=1

𝐹𝑃 <

𝑛
𝑛
𝑛 𝑘
∑
𝑒− 𝑚 ∗ ( 𝑚
)
𝑘
∗
𝑘!
𝑁

𝑘=1

𝑛
∞
𝑛 𝑘
∑
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)
𝑘
𝑛
1
∗
=
∗
𝑘!
𝑁
𝑚 𝑁

(6)

𝑘=1

Here, 𝐹 𝑃 = 4∗ 2132 =

1
230

< 10−9 in our experimental setup3 .

3 In NDN, Pending Interest Table can eliminate the Interest packet loop
caused by false positive [3], [6]. Thus, generally, the extremely small false
positive issue here can be ignored in practical applications.

IV. E XPERIMENTAL E VALUATION
In this section, we evaluate the performance of greedy name
lookup mechanism and compare it with the other name lookup
methods in terms of lookup throughput, memory space, update
speed as well as scalability.
We implement and compare 5 methods to expose the
advantages of greedy name lookup mechanism. The performance of the method used by CCNx [1] (hash table load
factor 𝛼=0.5) is the baseline, and CCNx is improved by
employing the basic string-oriented perfect hash table (named
CCNx-PHT). The greedy name lookup mechanism introduced
in Section II further speeds up the name lookup (named
Greedy-PHT). Furthermore, Greedy-SPHT combines greedy
name lookup mechanism with the improved string-oriented
near-perfect hash table developed in Section III-B, which
significantly speeds up the name lookup. Even compared
with NameFilter [3], Greedy-SPHT demonstrates better name
lookup performance.
A. Experimental setup
1) Prefix Tables and Name Traces: Both prefix tables
and name traces used in our experiments are downloaded
from www.namelookup.org [15]. The two prefix tables, “3M
prefix table” and “10M prefix table”, contain 2,544,794 entries
and 9,552,363 entries, respectively. Each prefix table entry
is composed of an NDN-style name and a next-hop port
number. The distribution of the number of components and
the average length of prefixes are shown in Table I. The name
traces simulate the destination names carried in NDN packets.
There are two types of name traces, simulating average lookup
workload and heavy lookup workload, respectively. Each name
trace contains 200M names.
2) Computational platform: The name lookup engine is
implemented and run on a commodity PC with two 6-core
CPUs. Relevant hardware configuration is listed in Table II.
The PC runs Linux Operating System in the version 2.6.41.91.fc15.x86 64. The entire greedy name lookup program consists of about 2,500 lines of code, developed by C++ programming language. The part of multi-core parallel processing is
developed using OpenMP API [16] in version 2.5.
TABLE II: Hardware configuration.
Item
Specification
CPU
Intel Xeon E5645×2 (6 cores, 2 threads, 1.6GHz)
RAM
DDR3 ECC 48GB (1333MHz)
Motherboard
ASUS Z8PE-D12X (INTEL S5520)

B. Experimental results
In Section IV-B1, we compare the name lookup throughput
of the 5 methods in multi-core environment with different
prefix tables and traces. Then the memory consumptions
are evaluated in Section IV-B2. In Section IV-B3 and Section IV-B4, we further evaluate the scalability and update
performance.

TABLE III: The name lookup throughput of different methods with
one processing thread.
Prefix
Lookup Speed (MSPS)
Trace
Table
CCNx CCNx-PHT Greedy-PHT NameFilter Greedy-SPHT
3M Average 0.205
0.692
1.369
2.034
3.961
3M
Heavy 0.133
0.559
0.821
1.904
3.135
10M Average 0.188
0.445
1.108
1.896
2.915
10M Heavy 0.093
0.235
0.834
1.835
2.912

1) Throughput: First of all, we compare the name lookup
speed on the 3M and 10M prefix table of the 5 methods with the average and heavy workload traces. Table III
demonstrates the name lookup throughput of the 5 methods
running in a single thread. CCNx achieves 0.205 MSPS and
0.133 MSPS on 3M prefix table under average workload and
heavy workload, while CCNx-PHT realizes 0.692 MSPS and
0.559 MSPS, respectively. Greedy-PHT effectively improves
the name lookup performance and speeds up to 1.369 MSPS
and 0.821 MSPS, which is about 6.7 times speedup of CCNx
and 1.98 times of CCNx-PHT. With negligible false positive,
Greedy-SPHT even achieves 3.961 MSPS and 3.135 MSPS,
which is almost 19.3×, 5.7×, 2.9× and 1.6× speedup of
CCNx, CCNx-PHT, Greedy-PHT and NameFilter. On the 10M
prefix table, we get the same performance improvements of
Greedy-PHT and Greedy-SPHT.
On the other hand, the name lookup speed of GreedyPHT jitters more severely than other methods under different
traces, because Greedy-PHT speeds up the name lookup via
optimizing the search path of name lookup which is strongly
correlated with the searched names. Fortunately, Greedy-SPHT
significantly reduces the jitter of name lookup speed by storing
a key’s signature in the entry instead of the key itself.
Figure 8 and 9 illustrate the name lookup throughput of the
5 methods with different number of parallel threads from 1
to 48. The name lookup speed increases monotonically along
with the number of parallel threads grows while the thread
number is less than 24. And the name lookup throughput
reaches the peak with 24 parallel threads in our platform.
Once the name lookup engine employs more than 24 threads,
the lookup performance degrades and fluctuates. Because there
are two Intel E5645 CPUs with 24 hardware threads in total,
more than 24 parallel threads running in one program causes
the competition of hardware threads with frequent program
context-switch. The fastest name lookup speeds running with
24 parallel threads are presented in Table IV. On the 10M
prefix table, Greedy-SPHT running with 24 parallel threads
achieves 41.735 MSPS and 40.717 MSPS in average workload
and heavy workload, respectively, which means 14.3 times
speedup of Greedy-SPHT running with only one thread. Meanwhile, Figure 8 and Figure 9 also demonstrate that the name
lookup throughput curve slope of Greedy-SPHT is higher
than other methods, indicating that multiple threads support
Greedy-SPHT better.
2) Memory: The memory consumption of the different
methods is illustrated in Table V. CCNx needs 119.20 MB
and 464.07 MB on 3M and 10M prefix table, respectively.
Compared with CCNx, CCNx-PHT needs extra 12% memory

TABLE V: The memory consumption of different methods.
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to construct FIB with basic string-oriented perfect hash table.
For supporting greedy name lookup mechanism, Greedy-PHT
stores additional information in FIB, so it consumes a little
more memory than CCNx-PHT. By storing the signature of
a key instead of storing the key itself, Greedy-SPHT significantly reduces the memory consumption to 72.95 MB and
247.20 MB on 3M prefix table and 10M prefix table, respectively. Greedy-SPHT saves about 46.8%, 47.5% and 53.7%
memory of CCNx, CCNx-PHT and Greedy-PHT, respectively.
3) Scalability: From the name lookup throughput illustrated in Table IV and the memory consumption presented
in Table V, we have already recognized that Greedy-SPHT
has better lookup speed than other methods. However, we are
still interested in foreseeing its performance trend as prefix
table size grows. Toward this end，we partition each prefix
table into ten equal-sized subsets, and progressively generate
ten prefix tables for each of them; the 𝑘-th generated prefix
table consists of the first 𝑘 equal-size subsets. Experiments
are then conducted on these 20 generated prefix tables derived
from the 3M prefix table and 10M prefix table. Experimental
results on lookup throughput and memory space requirement
are presented from Figure 10 to 16, respectively.
As illustrated in Figure 10 and Figure 12, the name lookup
throughput of the 4 methods trend to stabilize on average
workload along with the prefix table size growing. And on
heavy workload, the name lookup performance of CCNx and
CCNx-PHT is still stable, but the name lookup speed of
Greedy-PHT and Greedy-SPHT decreases with the table size
increasing when the prefix table size has less than 5 million
entries. When the table size is larger than 5 million, GreedyPHT’s and Greedy-SPHT’s name lookup throughput become
stable owing to that the greedy strategy dynamically optimizes
the search path to keep the name lookup speed.
The comparison of the memory space requirements about
the above 4 methods on different prefix table sizes is shown

throughput of the 4 methods on throughput of the 4 methods on
different prefix table sizes (3M different prefix table sizes (3M
prefix table, Average workload). prefix table, Heavy workload).

in Figure 14. The memory consumption grows with linear
scalability, which is consistent with our intuition. Meanwhile,
the slope of Greedy-SPHT’s curve is smaller than other
methods, which means Greedy-SPHT is more suitable for
large-scale prefix table.
As described in Section II-D, FIBs are reconstructed to facilitate the greedy name lookup mechanism. Figure 15 illustrates
the extra number of entries (prefixes) along with the FIB size
grows. Compared with the FIBs in CCNx, the reconstructed
FIBs need store additional prefixes. Fortunately, the percentage
of extra entries decreases as the FIB size increases.
The lookup throughput of NameFilter and Greedy-SPHT
with different number of ports is presented in Figure 16.
NameFilter’s lookup speed decreases gradually with the increase of the number of ports in a router, while greedy name
lookup mechanism is immune to the number of ports.
Therefore, from Figure 10 to Figure 16, we can conclude
that Greedy-SPHT has good scalability on different prefix table
sizes and is competent for large-scale NDN prefix table.
4) Update: As described in Section III-C, with the help
of routing table in control plane, our improved string-oriented
perfect hash table can support incremental insertion, modification and deletion. Figure 18 and Figure 19 present the
insertion and deletion performances of the 4 methods. GreedySPHT supports about 0.75 million insertions and 3.08 million deletions per second, respectively. Meanwhile, the insertion/deletion performance of Greedy-SPHT is independent of
the prefix table size.
Furthermore, Figure 17 demonstrates the name lookup performances of Greedy-PHT and Greedy-SPHT accompanied
with different speed of updates (50% insertions and 50%
deletions) under average workload and heavy workload, respectively. Given the operation of update only occupies one
thread at a time, the impact of incremental update on the
overall name lookup performance of Greedy-PHT and GreedySPHT can be negligible. As a result, greedy name lookup
mechanism supports fast incremental update while keeping
high performance of name lookup.
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V. R ELATED W ORK
Many recent research efforts and papers [5], [6], [17],
[18], [19], [20], [21] have noted that we should move the
current Internet architecture from point-to-point communication between hosts to content-centric or information-centric
paradigm. Name-based forwarding as a fundamental technique
in NDN, has been recently studied in the literature [22],
[2], [23], [24], revealing the feasibility of routing based on
hierarchical names instead of IP addresses from the viewpoint
of working principle. However, longest prefix matching for
hierarchical names can potentially slow down the lookup
process.
Similar to IP-based longest prefix matching methods, namebased longest prefix matching mechanisms can be classified
into two types: hardware-based methods and software-based
methods. TCAM is well-known for its fast speed. A TCAMbased name lookup mechanism in NDN proposal [6] is presented. Unfortunately, from the viewpoint of cost and power
saving, it can hardly make a practical option, given its low
memory density, high price and excessive power consumption.
Character trie-based and hash-based methods are two kinds
of name lookup approaches in NDN. In paper [23], the prefix
table is constructed as a component trie, which transits from
parent node to child node at the granularity of component.
But a transition still needs to match the input component
through an entire character trie, so the name lookup process
takes too much time to search the longest prefix from root
to the leaf node. Name Component Encoding method proposed in paper [25] speeds up the name lookup via encoding
components to codes before searching in FIB. However, the
mappings between components and codes are stored in a
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prefix table.
prefix table.

character trie, hence the encoding process will potentially
slow down the name lookup remarkably. Yi Wang et al. [26]
propose a GPU-based approach to implement wire speed name
lookup. For better adapting to GPU’s MDSI (Multiple Data
Single Instruction) running mode, a trie-based multiple aligned
transition array (MATA) data structure is proposed to construct
prefix table. By exploiting GPU’s massive parallel processing
power, the GPU-based name lookup engine can achieve more
than 60 MSPS (million searches per second) with a strict
constraint of no more than 100𝜇s per-packet lookup latency.
This solution may be good to build software NDN routers,
however, similar to TCAM-based methods, the GPU’s huge
power consumption will keep it from being used in the linecards of a backbone hardware router.
In order to quickly determine which prefix to follow when
lookup a name, hash techniques have been intensively studied.
NameFilter [3] is a two-stage Bloom filter-based scheme for
name lookup, in which the first stage determines the length
of a name prefix, and the second stage looks up the prefix
in a narrowed group of Bloom filters based on the results
from the first stage. By optimizing the hash value calculation
of name strings, as well as elaborating the data structure
for storing multiple Bloom filters, NameFilter significantly
reduces the memory access times compared with that of nonoptimized Bloom filters. However, the first stage, searching
all the candidate prefixes of a name in the Bloom filters to
find the longest one, wastes a lot of computing resources. The
probing times in the first stage Bloom filters can be reduced
via improving the search strategy. In CCNx, all prefixes in the
FIB are stored in a hash table. The name lookup process first
generates all the possible prefixes from the searched name

and sorts the candidate prefixes from long to short. Then,
the program looks up the candidate prefixes one by one until
matching or failure. However, the name lookup performance
is still too low to be satisfied [2] because of the slow hash
table search and poor longest prefix search strategy.
Therefore, in this paper, we propose a fast name lookup
scheme which includes the greedy strategy for optimizing
name lookup search path and the improved string-oriented
near-perfect hash table. For improving the name lookup
performance, we reconstruct the data structure of FIB and
leveraging greedy strategy to optimize the search path of
longest prefix matching. Furthermore, inspired by perfect hash
table designs in previous works [9], [10], [27], [28], [29],
we design a string-oriented near-perfect hash table to reduce
memory consumption and boost name lookup speed by storing
a key’s signature in the entry instead of storing the key itself.
Our name lookup mechanism addresses all these performance
issues including high lookup speed, memory efficient, as well
as scalability and fast incremental update.
VI. C ONCLUSION
In this paper, we propose a fast name lookup scheme for
Named Data Networking via reconstructing the data structure
of FIB to support greedy search strategy and improving the
basic string-oriented perfect hash table. Though the reconstructed FIBs need store additional prefixes, the percentage
of extra entries decreases as the FIB size increases. A greedy
strategy based on the distribution of prefixes effectively boosts
the name lookup speed via reducing the times of perfect
hash table search. Then, the improved string-oriented nearperfect hash table further reduces the memory consumption
and speeds up name lookup by storing a key’s signature instead
of the key itself. Compared with NameFilter [3], our name
lookup scheme not only achieves faster lookup speed with
negligible extra memory cost, but also is immune to system
factors of the prefix distribution and the number of ports in a
router which will influence the name lookup performance of
NameFilter. Extensive experiments on large prefix tables also
demonstrate that our name lookup scheme can greatly reduce
memory cost and boost name lookup speed while supporting
high incremental update and improving the scalability.
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