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Abstract—Internet traffic is rapidly increasing, as well as the
number of users. The increased link speeds result in smaller
available time for the lookup and, hence, require faster lookup
algorithms. There is a trade-off between complexities of the
IP lookups and the IP lookup table updates. In this paper,
we propose, implement and analyze lookup table updating for
parallel optimized linear pipeline (POLP) lookup algorithm
and balanced parallelized frugal lookup algorithm (BPFL). We
compare POLP and BPFL update algorithms in terms of their
execution times for real-world routing tables. In order to analyze
the influence of updates on packet forwarding, we will observe the
number of memory accesses when the lookup tables are updated
due to the network topology changes. For both lookup algorithms,
we measure the memory requirements as well. Our analysis will
show that the BPFL update algorithm has the smaller memory
requirements, while the POLP update algorithm is faster.

I. INTRODUCTION

IP lookup has always been a critical function of the Internet
routers, since routers have to decide very quickly (in several
tens of nanoseconds) about the port to which the packet
should be forwarded to, based on its IP address. The needed
lookup speed can be achieved through the parallelization, and
pipelining. But, these techniques require the large number of
memories that would be accessed in parallel. This is only
practical when internal on-chip memories are used.

A number of distinctive concepts have been developed
for the IP lookup design [1]-[6], offering different trade-
offs between lookup speed, implementational complexity and
memory usage. In this paper, we focus on the BPFL [1]-
[2] and POLP [3] algorithms, because of their high lookup
speeds. Here, the lookup speed is the number of lookups that
can be performed in a second. Both of these algorithms use
high levels of parallelization and pipelining to achieve the
high lookup speeds. POLP uses simple binary trie which is
searched in parallel, while the BPFL groups prefixes into levels
based on their lengths and searches the levels in parallel. The
BPFL lookup algorithm that we recently proposed minimizes
the on-chip memory required for the given speed [1]. BPFL
minimizes the memory requirements in several ways: using
balanced trees, static addressing and bitmaps. Lower memory
requirements allow both the higher scalability and, through the
use of on-chip memories, the higher level of parallelization,
and, therefore, the higher speed.

It has been recognized that there is a trade-off between the
IP lookup and the update of lookup tables. Typically, faster
IP lookup algorithms imply more complex update algorithm.
Performance of the lookup table updating is often treated in

less details than the IP lookup itself. However, efficiency of
the update algorithms affects the implementational cost, and,
it might cause interruptions of the IP lookup process. In order
to fully evaluate our novel BPFL, we will comprehensively
analyze its update algorithm, and compare it with the POLP
update algorithm.

The update algorithm specifies the preparation of the lookup
table used for the IP address lookup. Consequently, the update
algorithm is determined by the lookup algorithm. New or
deleted routes are provided to the update module by the
software modules that execute dynamic routing protocols such
as OSPF or BGP, or they are entered by an operator or loaded
from configuration files as static routes.

Updating needs to be able to follow the speed of dynamic
routing protocols which is several orders of magnitude slower
than the speed of packet forwarding through the router.
Consequently, lookup and update algorithms are designed so
that as much complexity as possible is moved to the update
algorithm. Also, because of more relaxed execution timing
requirements, the update algorithms are typically implemented
in software. Although the timing requirements of the update
algorithm are more relaxed than the requirements of the lookup
algorithm, they are still very strict and cannot be ignored.
Also, interruptions of packet forwarding caused by the lookup
table updates should be kept minimal, while maintaining
the low memory requirements and the low implementational
complexity.

The first update procedure that we propose, implement and
analyze in this paper is the update algorithm that corresponds
to the BPFL lookup algorithm [1]. We will name it the
BPFL update algorithm. The second update algorithm that
we will implement and analyze corresponds to the POLP
lookup algorithm, presented in paper [3]. Our implementations
are written in C++ and have modular design which enables
their integration into the routing software packages such as
Xorp and Quagga. It can also be easily ported to C for
the development of kernel components. Our implementations
were included into the OSPF software written by Moy [7]
that was used for the network simulations. We have analyzed
the performance of the algorithms using the large real-world
routing tables.

This paper is organized as follows. The second section
briefly describes BPFL and POLP lookup algorithms. In the
third section, the BPFL update algorithm and the POLP update
algorithm are presented. In the fourth section, we measure
the memory requirements of these two lookup algorithms.



Execution times of the update algorithms are measured, and
the results are presented in the fifth section. The sixth section
examines the number of accesses to the lookup memory for
the analyzed algorithms. The paper is concluded in the seventh
section.

II. IP LOOKUP ALGORITHMS

In this section we will give brief descriptions of the BPFL
and POLP lookup algorithms. We will focus on the structures
of the lookup tables in these algorithms, since they determine
the corresponding update algorithms.

A. Balanced Parallelized Frugal Lookup Algorithm

The structure of the BPFL lookup table is shown in Fig. 1.
In BPFL, prefixes are split into L levels based on their lengths.
Each level contains prefixes whose lengths are between (i −
1) ·Ds and i ·Ds. Here, Ds = La/L, where La denotes the
number of bits in the IP address. At each level, information
about prefixes is kept in balanced trees and subtrees.

At level i, nodes of balanced trees contain prefixes with
lengths pi = (i− 1) ·Ds. A subtree corresponds to each node
of a balanced tree, and its structure is stored at the memory
location determined by that node. The remaining prefix bits of
the IP address determine the node of this subtree. The output
port is determined by the level, and the node of the balanced
tree and the subtree that correspond to the given IP address. If
the match is found at multiple levels, the one from the highest
level is taken as a solution since it is longest.

A sorted array keeps the prefix ranges associated to the
balanced trees, as depicted in Fig. 1. All balanced trees
have equal depths, equal to Db. The memory location of the
balanced tree root is determined by the prefix range to which
the pi long prefix of the given IP address belongs. Then, the
selected balanced tree is searched for the subtree prefix that
matches the IP address. At each node of the balanced tree, the
IP address prefix is compared with the subtree prefix of that
node. If the IP address prefix is larger, the search is continued
through the left branch, and vice versa. When the subtree
prefix equals the IP address prefix, the search is completed,
and the subtree address is determined based on the balanced
tree node with the subtree prefix. The balanced tree search
is pipelined since each level of the balanced tree is stored in
separate memory.

Subtrees are Ds bits deep. We will consider the case in
which Ds = 8. Indices of existing prefixes are kept in an
array if their density is below a certain threshold. If the density
of IP addresses is above the given threshold, the subtree is
represented by the bitmap vector with ones denoting existing
prefixes.

BPFL saves the internal memory as a critical resource in
several ways. Firstly, no information is stored about empty
subtrees without prefixes, which most of the previously pro-
posed lookup algorithms do. Secondly, nodes in balanced trees
have fixed memory locations, which saves the memory since
the pointers are not needed. Thirdly, the subtree structures are
stored in an optimized way, so that their memory consumption

is minimized. With these techniques, BPFL requires signif-
icantly less memory than other analyzed lookup algorithms
for both IPv4 and IPv6 lookup algorithms [2]. The BPFL
savings of memory increase with the lookup table size. BPFL
was shown to require almost 8 times less memory than the
POLP lookup algorithm, for large IPv6 table with 300K entries
[1]. Thanks to this property, the entire structure of very large
lookup tables as specified by BPFL can fit on a single state-
of-the-art FPGA chip. Consequently, a high lookup speed can
be achieved when BPFL is used, due to the high level of
parallelization that is provided on chip.

Fig. 1. BPFL data structures

B. Parallel Optimized Linear Pipeline

The POLP lookup algorithm has been introduced in [3]. The
POLP specifies the lookup table structure that is depicted in
Fig. 2. The POLP algorithm uses the leaf-pushed unibit-trie.
The lookup process is parallelized and pipelined. Multiple IP
addresses can be searched in parallel through distinct pipelines.

In POLP, the leaf-pushed unibit-trie that stores all routes is
divided into subtries differentiated by the first I bits. These
subtries are assigned evenly to the pipelines, so that the
pipelines have the similar numbers of nodes. Subtries are first
sorted in a descending order with respect to their numbers of
nodes, and, then, the subtries are assigned in this order. Each
subtrie is assigned to the pipeline with the smallest number
of nodes, when its term to be assigned comes. A selector
determines the pipeline and the subtrie root, based on the first
I bits of the IP address.

Multiple subtries of one pipeline can be searched in parallel,
only if they access different memories at any point of time.
Nodes in the pipelines need to be stored in different memories
to allow such pipelining. A stage comprises nodes stored
in one memory. In the most straightforward design, nodes
of the same level in all subtries belong to the same stage.
Alternatively, prefixes can be evenly distributed across the
stages so that they require the memories of the same size.

Obviously, POLP was designed to achieve a high level of
parallelization. However, pointers to the children nodes have
higher memory requirements than the bitmap representation
used in BPFL. Such a large memory required by POLP cannot
be placed on chip for large lookup tables [1]. Using multiple
external memories significantly complicates the design.



Fig. 2. POLP data structures

III. ALGORITHMS FOR THE LOOKUP TABLE UPDATING

The BPFL lookup algorithm has an obvious advantage over
the previous proposals in terms of scalability, since it requires
significantly lower on-chip memory [1]. It is important to
analyze if the BPFL update algorithm is practical as well.
In this section we will describe the BPFL update algorithm,
as well as the POLP update algorithm.

A. BPFL Update Algorithm

In BPFL, initially, the ranges related to the balanced trees
of level i are equal to the (i − 1) · Ds long prefixes of the
incoming routes as long as their number is smaller than the
maximum number of balanced trees on that level. Afterwards,
the prefix is added either to the closest range, and it becomes
one of its bounds, or to the range to which it belongs. The
range will also change if its balanced tree is overflowed.

Algorithm 1 describes a route addition in BPFL. Function
find tree() performs a binary search for the balanced tree
to which a new route should be added. It chooses either the
balanced tree whose prefix range includes the new prefix, or
the balanced tree with the closest range. If the chosen tree is
not full, the new route is added to it. Then, if the neighbouring
balanced tree has at least two empty spaces more than the
balanced tree of the prefix, the corresponding boundary node
from the original tree is moved to this neighbouring tree, in
order to maintain uniform distribution of the nodes across the
balanced trees. If the balanced tree of a new prefix is full, one
of its boundary nodes is moved to the neighbouring tree. The
neighbour is selected by function min side() that returns the
neighbouring tree on the less populated side of the given tree.
In this way, nodes are distributed evenly across the balanced
trees, and the later rearrangements of the balanced trees are
reduced. Function move node() recursively moves nodes to
the neighboring trees until it finds the tree which is not full.
If it finds such a tree, the closest prefix is added to it.

Function add prefix() in Algorithm 1 adds the route into
the balanced tree. Balanced trees are complete trees, namely,
all levels of a balanced tree are completely filled, except
possibly the last level that is filled from left to right. Therefore,
addition and deletion of nodes involve moving nodes until
the tree is filled in a described way. After the addition of a
node to the balanced tree, the corresponding subtree at the
location determined by the added node is updated and the

corresponding next-hop information is stored. At the end of the
route addition, function update tree ranges(tree) is needed
to set new bounds for the balanced tree ranges.

Algorithm 1: Route addition in BPFL

tree← find tree(prefix)
if tree full(tree) = false then
add prefix(tree, prefix)
for nbr in neighbor tree(tree) do

if node num(tree) > node num(nbr) + 1 then
move node(tree, nbr)

end if
end for

else
if move node(tree,min side(tree)) = true then

add prefix(tree, prefix)
end if

end if
update tree ranges(tree)

Modification of an entry in the lookup table is similar to the
lookup process. First, based on the network prefix, the level
of the prefix is determined. Then, the location of the next-hop
information that corresponds to the given prefix (IP network
address) is found according to the BPFL lookup algorithm,
and, finally, this next-hop information is changed. In order to
delete some entry of the lookup table, first, the location of
the next-hop information needs to be found. Then, the next-
hop information is deleted, as well as the corresponding entry
from its subtree. If this is the last entry of the subtree, then
the subtree prefix should be removed from the corresponding
node of the balanced tree. In that case, the nodes of this
balanced tree need to be rearranged in order to maintain its
completeness.

B. POLP Update Algorithm

In [3], a heuristic has been proposed for distributing the
nodes as evenly as possible across the stages, taking into
account their heights (largest distance from the leaves) and
the numbers of their descendants. Nodes are assigned to the
stages, so that the child nodes are always in one of the stages
after the parent nodes. Stage 1 stores the information about
root nodes of subtries. Nodes are stored in the first available
empty stage so that their number is smaller than the quotient
of the remaining nodes and the remaining number of stages.

Every time the trie is changed according to the POLP
algorithm, both the assignment of subtries to the pipelines,
and the assignment of subtrie nodes to the stages need to be
revised. In the case of frequent changes in the network, the
calculation of these assignments according to the algorithm
proposed in [3] would require high processing power. In
this algorithm, subtries are assigned to the pipelines in the
decreasing order of their sizes, and nodes are assigned to
the stages in the decreasing order of their heights. However,
prefixes are added or deleted to the lookup tables as the
network topology changes, and not in these particular order.



For this reason, a more efficient POLP update algorithm needs
to be designed which will be better suited for incremental
network topology changes. One solution for this problem is
presented in [8], in which incremental update algorithm for
uniform node distribution across the stages is analyzed.

Since the algorithms for uniform node distribution across
the stages have been examined in the literature, we turn our
attention to non-uniform node distribution, in which attempt
is made to assign nodes of the same level to the same stage.
This reduces pipeline conflicts which occur when two lookup
processes try to access the same stage memory, resulting in
faster lookup. Stage memories are adjusted to the prefix length
distribution on the Internet [9].

Addition of a new prefix is based on the trie traversal
according to the bits of the new prefix. If a leaf is encountered,
it is remembered for the purpose of leaf pushing, and new
nodes are created until prefix bits are exhausted. If the depth
of a newly created node is I , a new subtrie is created and
assigned to the pipeline with the smallest number of nodes.
After the creation of new nodes, leaf pushing is performed
starting from remembered node. If the nodes for all bits were
already created, leaf pushing would be performed starting from
the last node on the traversal path.

Algorithm 2: Addition of a node to the pipeline

free slot = −1
if depth = I then
stage num = 1
free slot = free stage slot[1]

else
parent stage = node.parent.stage num
for i = parent stage+ 1 to stages num do

if free stage slot[i] > 0 then
stage num = i
free slot = free stage slot[i]
break

end if
end for

end if
if free slot > 0 then
node.stage num← stage num
node.stage slot← free slot
find free slot(stage num)
node.write parent()
node num = node num+ 1

end if

Addition of new node to the pipeline is performed using
Algorithm 2. For every stage, one empty slot is kept in the
free stage slot array, if it exists. A node is assigned to the
first stage with an empty slot starting after the stage of its
parent node. A new free slot in the selected stage is found us-
ing the function find free slot(). Function write parent()
writes the information about new node’s location into the
parent’s stage slot. The number of nodes nodes num in the
corresponding pipeline is incremented, and the sorted list of

pipelines is updated accordingly.
Route deletion traverses the leaf-pushed trie based on the

destination network prefix that should be deleted. When the
node is found, all leaf nodes which correspond to this prefix
will be deleted.

If a new route cannot be accommodated using described
procedure, and a skipped stage with an empty slot exists on
a path of this route in its pipeline, we apply node shifting
procedure. Nodes are shifted up, if possible, towards the
emptied slot in the skipped stage.

If node shifting cannot provide addition of a new route, we
apply recalculation of the pipeline, using procedure similar to
one described in [3], with the difference that stage is filled
until it reaches the quotient of the remaining nodes and the
remaining number of free slots multiplied by memory size of
the current stage. If the pipeline recalculation fails, a complete
recalculation of all pipelines is performed. It should be noted
that, longer prefixes could be stored with higher probability
by using additional stages after (32− I)th stage.

IV. MEMORY REQUIREMENTS

In this section, we will confirm the main advantage of BPFL
which is its frugal memory consumption, using our developed
algorithm for updating the BPFL lookup tables. We used a set
of 21 real lookup tables, different from the ones used in [1].

Fig. 3. Measured memory for real-world routing tables

We assessed the memory requirements of POLP and BPFL
using real-world routing tables collected from [10]. We mea-
sured the number of nodes in the leaf-pushed trie and the
number of nodes in each of the balanced trees. Based on that
information, we calculated used memory as a function of the
number of routes shown in Fig. 3. The dashed line represents
the memory used by BPFL for storing the lookup table
structure, and the dashed-dot line represents the total memory
used by BPFL, which includes the next-hop information. The
full line represents memory used by nodes of the POLP
algorithm, for the case in which 18 bits are used to address
the children. The next hop information is stored in the leaf
nodes. The results in Fig. 3 show that BPFL uses scarce on-
chip memory much more frugally than POLP which confirms
the results in [1].



V. EXECUTION TIME

The performance of BPFL and POLP updating will be
compared in terms of their execution times.

Fig. 4. Execution time

The dashed-dot line and the dashed line in Fig. 4 show
execution time for iterative addition of entire real-world rout-
ing tables of different sizes for BPFL and POLP update
algorithms, respectively. All prefixes from the routing table
were added one by one, and lookup tables were updated after
the addition of each route. The full line in Fig. 4 shows the
time required to build the POLP lookup table as in [3].

Fig. 5. Simulation network

It can be observed from Fig. 4 that incremental POLP update
algorithm uses less time to add all prefixes to the routing tables
than the BPFL algorithm. Faster increase of BPFL execution
time occurred because larger routing tables resulted in larger
number of operations needed to maintain balance property
of the tree. Also, when a node needs to be added in a full
tree, transfer of nodes between trees additionally increased
execution time, as described in Section 3. However, times
required for building very large lookup tables is acceptable
for both the POLP and the BPFL update algorithms.

VI. LOOKUP DISRUPTION BY UPDATES

Important performance measure of the lookup table update
algorithm is the number of memory accesses that it requires.
While the memory content is updated, lookup for the incoming

packets could be affected. So, the lookup update algorithm is
better if it requires smaller number of memory accesses. In
order to examine the number of memory accesses that the
POLP and BPFL update algorithms require, we integrated our
implementations of these algorithms into the OSPF program
created by John Moy [7]. For simulation of the OSPF network,
we used ospfd sim program which is the part of the OSPF
implementation [7]. Simulation network is shown in Fig.
5. Topology of the simulation network is inspired by the
Czech educational and scientific network CESNET [11]. The
simulation network consists of fifty routers, with a local area
network attached to each router. Routers were started at the
beginning of the experiment, and, in the 30th second of the
measurement, router depicted as ”toggled router” was turned
off. In the 50th second of the measurement this router was
started again. Fig. 6 and Fig. 7 show the numbers of accesses
to the lookup memories of the three routers, depicted with
letters A, B and C. It can be noticed, that the accesses occurred
at the beginning of the experiment, when the routers were
started, and than again after the 30th and 50th second of the
measurements, when the ”toggled” router was turned off and
than turned on again.

Fig. 6. Number of accesses to lookup memory for BPFL update algorithm

Fig. 6 shows the number of memory accesses when the
BPFL algorithm is applied. The number of memory accesses is
depicted for three routers in the simulation network, which are
marked in Fig. 5. Router B had the larger number of memory
accesses in the second half of the measured time, because it
was isolated from the rest of the network. After the depicted
router had been turned off, routers A and C had the smaller
number of changes in the lookup memory.

Fig. 7 shows the number of memory accesses when the
POLP algorithm is applied. As in the case of BPFL, router
B had the largest number of memory accesses. It can be
observed that the POLP update algorithm requires more mem-
ory accesses than the BPFL algorithm. This behavior can be
explained by the fact that for small routing tables new routes
create the larger number of nodes in the trie structure used
by POLP. Namely, balanced trees used in the BPFL algorithm
have the low number of nodes, and their processing requires



TABLE I
NUMBER OF MEMORY ACCESSES

Number of prefixes 32505 41328 45184 118190 121613 127157 339585 341138 344858

BPFL 2.37 3.26 2.17 2.59 1.50 1.57 3.60 2.81 4.58
Mean value

POLP 2.43 2.09 1.72 2.09 1.27 1.37 1.37 1.68 1.68

BPFL 262 451 266 452 114 192 390 513 579
Maximum

POLP 32 87 11 67 22 46 18 61 61

BPFL 14.93 25.37 13.98 19.41 6.59 8.89 29.25 27.42 37.76
Std. deviation

POLP 2.76 5.38 1.31 4.76 1.26 2.88 1.95 4.75 4.42

Fig. 7. Number of accesses to lookup memory for POLP update algorithm

the smaller number of memory accesses.
For a number of real-world routing tables [10] we measured

the number of memory accesses for both the POLP and
the BPFL algorithm when the randomly chosen routes were
deleted. The mean value, the maximum and the standard
deviation of the number of FPGA accesses are shown in Table
I. We can observe that the mean values are moderate and
similar for both algorithms. The maximum number of accesses
is larger for the BPFL algorithm because it requires the large
number of memory accesses when the last route from a subtree
is deleted. In that case, the corresponding node of the balanced
tree needs to be deleted, and the balanced tree needs to be
rearranged so that its completeness is maintained. In addition,
a node might have to be moved from the neighbouring tree if
it has at least two nodes more than the tree whose node has
been deleted.

In order to precisely assess the disruption of packet forward-
ing because of the lookup table updates, work of the lookup
engine should be analyzed. If the lookup engine has modules
that are executing in parallel, and if these modules have
separate memories, updating the lookup table stored in one
of these memories does not directly affect the lookup into the
other memory. For example, access to the memory of one level
in the BPFL algorithm does not disturb the lookup process at
the other level. However, the IP lookup cannot complete until
the result from the affected level is obtained. Similarly, access
to the memory of one stage in the POLP lookup engine will

affect the lookup procedure only in its pipeline. On the other
hand, pipelines are completely independent of each other.

VII. CONCLUSION

In this paper, the BPFL and POLP update algorithms were
presented. The POLP update algorithm is faster for large
routing tables. However, the update times have been shown to
be acceptable for both algorithms assuming the large routing
tables. We also measured the number of memory accesses
required by the BPFL and POLP update algorithms in the
smaller networks, and observed that the BPFL update algo-
rithm performs better for the smaller routing tables. Finally, we
measured the memory requirements of these algorithms, and
confirmed that the BPFL algorithm had the smaller memory
requirements, and that its memory savings increase with the
routing table size.
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