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Abstract
In this paper, a pipelined-parallel hardware architecture to compute the shortest
paths of OSPF networks is proposed based on parallel shortest path searching
algorithm. OSPF protocol uses the software version of the sequential Dijkstra
algorithm for computing and constructing the routing table for each router in an
autonomous system area. The proposed Pipelined-Parallel Shortest Path Searching
(PPSPS) processor overcomes the time delay of executing the sequential Dijkstra
algorithm by conventional processors by reducing the execution time from
to
, where is the number of nodes. The design is targeted to Xilinx Virtex 7
FPGA chip, and in order to make the parallel processor capable to handle an OSPF
area with 256 nodes, a pipelining feature is adopted and successfully implemented
within chip resources availability. Very large speed up factors (approximately within
the range of 20 – 280) have been achieved by the proposed ultra-high performance
PPSPS processor when compared with the conventional software Dijkstra algorithm.
Keywords:- Pipelined-Parallel Hardware Architecture, OSPF Networks, Dijkstra
Algorithm, Pipelined-Parallel Shortest Path Searching (PPSPS) Processor, FPGA,
Speed Up Factor.
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:اﻟﺨﻼﺻﺔ
OSPF  ﺗﻢ إﻗﺘﺮاح ﻣﻌﻤﺎرﯾﺔ ﻣﺎدﯾﺔ ﺑﺨﻄﻮط اﻷﻧﺎﺑﯿﺐ اﻟﻤﺘﻮازﯾﺔ ﻟﺤﺴﺎب أﻗﺼﺮ ﻣﺴﺎرات ﺷﺒﻜﺎت،ﻓﻲ ھﺬه اﻟﺒﺤﺚ
 اﻹﺻﺪار اﻟﺒﺮﻣﺠﻲ ﻣﻦ اﻟﺨﻮارزﻣﯿﺔOSPF  ﯾﺴﺘﺨﺪم ﺑﺮوﺗﻮﻛﻮل.ﺑﺈﻋﺘﻤﺎد ﺧﻮارزﻣﯿﺔ ﻣﺘﻮازﯾﺔ ﻟﻠﺒﺤﺚ ﻋﻦ أﻗﺼﺮ ﻣﺴﺎر
 ﻣﻌﺎﻟﺞ اﻟﺒﺤﺚ اﻟﻤﻘﺘﺮح ﻧﻮع ﺧﻄﻮط.ﺟﯿﻜﺴﺘﺮا اﻟﻤﺘﺘﺎﺑﻌﺔ ﻟﺤﺴﺎب وﺑﻨﺎء ﺟﺪول اﻟﺘﻮﺟﯿﮫ ﻟﻜﻞ ُﻣ َﻮ ﱢﺟﮫ ﻓﻲ ﻣﻨﻄﻘﺔ ذاﺗﯿﺔ اﻟﺘﺤﻜﻢ
( ﯾﺘﻐﻠﺐ ﻋﻠﻰ ﺗﺄﺧﯿﺮ وﻗﺖ ﺗﻨﻔﯿﺬ ﺧﻮارزﻣﯿﺔ ﺟﯿﻜﺴﺘﺮا اﻟﻤﺘﺘﺎﺑﻌﺔ ﻓﻲ اﻟﻤﻌﺎﻟﺠﺎتPPSPS) اﻷﻧﺎﺑﯿﺐ اﻟﻤﻮازي ﻷﻗﺼﺮ ﻣﺴﺎر
اﻟﺘﻘﻠﯿﺪﯾﺔ ﻋﻦ طﺮﯾﻖ ﺗﻘﻠﯿﻞ وﻗﺖ ﺗﻨﻔﯿﺬ ﻣﻦ
 وﺗﻢ ﺗﻨﻔﯿﺬ اﻟﺘﺼﻤﯿﻢ ﻋﻠﻰ.ﺣﯿﺚ أن ﺗﻤﺜﻞ ﻋﺪد اﻟﻌﻘﺪ
إﻟﻰ
 ﺗﻢ، ﻋﻘﺪة256  ﺑـOSPF  وﺳﻌﯿﺎ ﻟﺠﻌﻞ اﻟﻤﻌﺎﻟﺞ اﻟﻤﻮازي ﻗﺎدر ﻋﻠﻰ اﻟﺘﻌﺎﻣﻞ ﻣﻊ ﻣﻨﻄﻘﺔ،Xilinx Virtex 7 FPGA رﻗﺎﻗﺔ
 وﻣﻦ ﺧﻼل اﻷداء اﻟﻔﺎﺋﻖ.اﻋﺘﻤﺎد ﻣﯿﺰة اﻟﻨﻘﻞ ﺑﻮاﺳﻄﺔ ﺧﻄﻮط اﻷﻧﺎﺑﯿﺐ وﻧﻔﺬت ﺑﻨﺠﺎح ﺑﺈﺳﺘﺨﺪام اﻟﻤﻮارد اﻟﻤﺘﻮﻓﺮة ﺑﺎﻟﺮﻗﺎﻗﺔ
 اﻟﻤﻘﺘﺮح ﺑﺎﻟﻤﻘﺎرﻧﺔ ﻣﻊ ﺧﻮارزﻣﯿﺔ ﺟﯿﻜﺴﺘﺮا اﻟﺘﻘﻠﯿﺪﯾﺔ ﺗﺤﻘﻘﺖ ﻣﻌﺎﻣﻼت ﺗﺴﺮﯾﻊ ﻛﺒﯿﺮة ﺟﺪا )ﺗﻘﺮﯾﺒﺎ ﺿﻤﻦPPSPS ﻟﻠﻤﻌﺎﻟﺞ
.(280  اﻟﻰ20 اﻟﻤﺪى ﻣﻦ
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I. Introduction
Open Shortest Path First (OSPF) routing protocol is an instance of a link state
protocol based on hop-by-hop communication of routing information, specifically
designed for intradomain routing in an IP network [1], [2]. It executes Dijkstra algorithm
for constructing the routing table in each router (node) belongs to such OSPF area.
Dijkstra algorithm, as well known, has execution time as long as
in its software
version when executed by conventional processors. This property increases the delay to
setup routing information exponentially as the network size (number of nodes per
network) is increased. Thereby, the network performance will be slow down.
Parallel computing systems are designed to solve the long time execution of
Dijkstra algorithm, in software and hardware solutions. By software solutions, multiprocessor and multi-thread system was designed to calculate pieces of routing table
concurrently, by partitioning the network into many sub-networks and each processor
or thread calculates a part of whole routing table in parallel [3] - [5]. Hardware
solutions, such as reconfigurable processors and field programmable gate array
(FPGA) technology are often designed for calculating the routing tables [6] - [9].
This paper follows our previous paper presented in Ref. [10], when parallel
processors for shortest path searching was designed and implemented on Xilinx
Virtex7 FPGA chip for 8, 16, 32, 64, and 128 nodes OSPF area size. In that paper, the
128-node processor occupied 65% of FPGA chip resources. It has been concluded
that when we go on with the same parallel processor design strategy for a 256-node
network, the logic resources required will exceed the total logics available on the
FPGA chip.
In this paper, the divide and conquer concept and pipelining processing are used
besides the previous proposed parallel shortest path searching (PSPS) algorithm and
its units design [10]. By this combination, a pipelined-parallel shortest path searching
(PPSPS) processor is achieved for a 256-node network with an ultra-high
performance on the same Xilinx Virtex7 FPGA chip.
The rest of this paper is organized as follows: an explanation of the pipelinedparallel shortest path searching (PPSPS) algorithm is presented in section II. Section
III explains the proposed hardware implementation of the corresponding PPSPS
processor. In section IV, the pipelining data flow and the synchronization of such
PPSPS processor is described. The FPGA resources utilization and the performance
evaluation of PPSPS processor are discussed in section V. Finally, section VI
concludes this paper.
II. Pipelined-Parallel Shortest Path Searching (PPSPS) Algorithm for A 256Node OSPF Network
The network topology of 256-node OSPF network is represented as a
square matrix of integer numbers called adjacency matrix or cost matrix. Each
element in cost matrix represents the cost (or weight) of travelling from node to node ,
. The link cost is supposed to be 8-bit positive value. A
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introduced in PPSPS algorithm to be associated with the cost matrix. The bit position of
the flag vector works with the row and column of the cost matrix that have their
corresponding index numbers (i.e., flag bit 1 with row 1 and column1). In other words,
each bit of the flag vector is associated with a single node and its links to the other nodes.
Initially, the flag bit position of the row of source node is set to 1, and other flag bits are
reset. Flag bit status will decide if the corresponding row will be searched for minimum
value by PPSPS algorithm. The parallelism and pipelining processes of PPSPS algorithm
can be described as follow:

A- Parallel operation
The parallel searching of shortest paths of 256-node OSPF network can be calculated
by the following steps:
1. Set all elements of each column of cost matrix that has flag bit equals 1 to FF (this cost
value is chosen as the value to be saved representing infinity).
2. Find the minimum value among the elements of rows whose flag bits are 1.
3. Subtract the minimum value that was found in the step 2 from all values of rows whose
flag bits are 1.
4. Zero elements of the resulted cost matrix have minimum costs from source node to
their destinations.
5. For columns that have zero elements, update their flag bits to 1.
6. If all flag bits are 1’s, all shortest paths are completely found and the matrix will be
totally infinity next step, else, go to 1.
Unlike Dijkstra algorithm which searches one node a time, PSPS algorithm of Ref.
[10] searches multiple nodes simultaneously for shortest paths, and can find multiple
destination nodes. The parallel searching will give maximum execution time as
.

B- Pipelining operation
Pipelining processing design is adopted in this paper in order to be capable to process
large network sizes (such as 256 nodes) in a divide and conquer style. The pipelining
process can be explained as follows:
1. The network cost matrix 256 256 is decomposed into 16 sub-cost matrices, each
256 16 (16 columns), to be processed sequentially.
2. The flag vector also is divided into sixteen 16-bit sub-flag vectors; each contains the
flag bits of the corresponding columns of sub-cost matrix.
3. Each sub-cost matrix and its sub-flag vector are introduced to the PPSPS algorithm
separately one after the other in pipelining fashion, and the shortest paths calculation is
done according to the PSPS algorithm steps presented in (A). The steps 1-5 of the parallel
operation are applied to the 16 sub-cost matrices and their sub-flag vectors, and before
step 6 the processed sub-cost matrices and sub-flag vectors are accumulated for
recombining and reproducing the updated 256 256 cost matrix with256 bit flag vector.
In step 6, if all 256 bits of updated flag vector are 1’s, the calculation of shortest paths is
completed, otherwise the updated 256 256 cost matrix will enter again in new iteration
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of the PPSPS algorithm. Figure 1 shows the decomposition of cost matrix and flag vector
into sixteen 256 16 sub-cost matrices and sixteen 16-bit sub-flag vectors.

Fig. 1 Decomposition of cost matrix and flag vector; C and b stand for column and
bit, respectively.

III. Hardware Architecture of The FPGA-Based PPSPS Processor
Figure 2 shows the block diagram of the proposed PPSPS processor. The hardware
architecture consists mainly of two blocks operate sequentially one after the other. The
first block is the latch block, and its function is to latch the complete cost matrix of the
256-node OSPF network. It has been assumed that, the data bus of the processor is 64-bit
width.
Since the 256- node network size has 256 256 elements of cost matrix and each
element is 8-bit value representing the weight of the link that connect upstream node to
downstream node, the cost matrix is 256 256 8 bits, formed as 256 rows of 256 8 bits.
Thereby, the cost matrix will enter and latched internally as 8192 vectors; each has 64-bit
length. The address decoder is used for this function; it receives 13-bit address ADDR1
and decodes it to produce the latch signal for the currently available 64-bit data of cost
matrix. The complete cost matrix will be latched and recomposed internally after 8192
clock cycle.
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Fig. 2 Block diagram of the PPSPS processor.
Flag generation unit (FLG GEN) creates the initial 256-bit flag vector. The bit
pattern of the flag vector has logic level 1 of LSB and logic level 0 of the other bits. This
means that the first node of cost matrix will be the source node of shortest paths
calculations to the other nodes (destinations) in the network.
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The second block of PPSPS processor is the processing block which computes the
shortest paths from the source node to the rest nodes. The followings are descriptions of
the components contained in this block.
1- Multiplexer 1 (MUX1):A 524288-bit 2-to-1 multiplexer. Depending on the logic state
of the selector, generated by control and synchronized unit. MUX1 passes either the
initial cost matrix of the network which is provided by latch block (when selector =
0)or it passes the updated cost matrix resulted from processing block to be
processed for next time (when selector = 1).
2- Multiplexer 2 (MUX2): A 32768-bit16-to-1 multiplexer used to divide the 256 256
cost matrix into 16 sub-cost matrices each is 256x16. The 4-bit binary counter C1
supplies its output to 4-bit selector input of MUX2. For each clock cycle, the cost
matrix will pass through MUX2 as 256 16, i.e., 16 columns. By MUX2 the
pipelining operation is started and it will provide the other processing block
components a sub-cost matrix each clock cycle.
3- Multiplexer 3 (MUX3): A 256-bit 2-to-1 multiplexer, its inputs are the initial flag
vector and updated flag vector resulted from the processing block. When its selector
equals to 0, it passes the initial flag vector, else, updated flag vector will be passed.
The selector is generated by a synchronized unit.
4- Multiplexer 4 (MUX 4): A 16-bit 16-to-1 multiplexer, its inputs are the flag vector
passed from MUX3and its selector is the 4-bit output of C1 counter. Every 16 bits of
flag vector are connected to one input of MUX4. When its enable signal is active,
each clock cycle MUX4passes one sub-flag vector that contains the 16 flag bits of
its associated 16 columns of the sub-cost matrix passed from MUX3 for the
pipelining operation.
5- Set-Infinity-Column unit (INF unit): The operation of INF unit is to set all elements of
each column of the sub-cost matrix whose associated flag bit is at logic 1, to infinity
(i.e., FF). The inputs of INF unit are the sub-cost matrix and the sub-flag vector
coming from MUX2 and MUX4, respectively, and the output of INF unit is the
updated sub-cost matrix having some columns with totally infinity value elements. If
the
element in the cost matrix has an infinite value, this indicates that there is
no available connection link between the

and the

nodes. Setting some columns

to infinity values by INF unit is to prevent update their element values (links costs)
in the next processing units.
6- Comparator Bank unit (CMP unit): This unit consists of the following three parts
working in sequence: first binary tree-comparators, sixteen 8-bit latches, and second
binary tree-comparators. The first tree-comparators has 12 stages, and consists of
4095 2-input comparators. The two inputs of the first tree-comparators are the subcost matrix updated by INF unit and the complete 256-bit flag vector. In the first
stage, multiple rows of the sub-cost matrix will be searched independently in
parallel, for their local minimum costs. When the associated flag bit of the row is
set, its local minimum cost will pass to the next stages, else an infinity value will be
placed instead. The rest stages of the first comparators tree will search the global

195

Abdul-Jabbar: Design and Implementation of A Novel FPGA-Based …..
minimum among the local minimums of the first stage. Finally, the output of this
part is the minimum link cost of the participated links. This minimum value of the
sub-cost matrix will be latched, waiting for all other minimum values of the rest subcost matrices. By the pipelining operation, 16 different minimum values are latched
in the second part of the comparator bank unit. The third part is another treecomparators, having 4 stages with fifteen 2-input comparators. The operation of this
part is to find the final minimum cost from the 16 latched minimum values of the
previous two parts.
7- Latch 1unit (LATCH1): This unit is to latch all sub-cost matrices after processing by
INF unit. LATCH1 basically consists of 65536 8-bit latches, distributed as 16
groups; each with 4096 8-bit latches, and each group will latch a single sub-cost
matrix. The output of this unit is the complete 256 256 cost matrix.
8- Multiplexer 5 (MUX5): MUX5 is similar toMUX2 in its construction and operation.
MUX5 receives the output of LATCH1 and reforms it as 16 groups of sub-cost
matrices to be passed in sequence according to the selector bits status that generated
by C2 4-bit binary counter. In other word, MUX5 divides the 256 256 cost matrix
into 16 sub-cost matrices each with 256 16.
9- Subtractor Matrix unit (SUB unit):The subtractor matrix unit is a two-dimensional
array of simple subtractors. The inputs of SUB unit are the 256 16 subcost matrixpassed from MUX5, the minimum cost produced by CMP unit and the
256-bit flag. The subtractor of a specific position in the subtractors array will
subtract the minimum cost from the non-infinity cost value at the same position of
the sub-cost matrix. This is done only for the rows of the sub-cost matrix which have
flag bits equal to 1, other rows will remain unchanged. All subtractors will operate
simultaneously, and as a result the updated sub-cost matrix will have zero values.
10- Latch 2 unit (LATCH2): This unit accumulates the sub-cost matrices processed by
SUB unit to reform the updated 256 256 cost matrix. The output of this unit is
supplied to MUX1 for the next iteration of shortest path calculations.
11- Multiplexer 6 (MUX6): The same as MUX4 in its operation. The 4-bit selector is the
output of counter C2 but delayed by one clock cycle for synchronization.
12- Flag Update unit (FLG unit): FLG unit receives the updated sub-cost matrix produced
by SUB unit and the sub-flag vector passed from MUX6. The function of this unit is
that, when a zero value is found in each column of the sub-cost matrix, the
corresponding flag bit will be set to 1. All 16 columns will be searched in parallel
and all affected bits of sub-flag vector will be updated at the same time.
13- Latch 3 unit (LATCH3): Because of FLG unit produces only 16 bits updated sub-flag
vector for one time, the 16 sub-flag vectors will be latched by LATCH3 unit to
reproduce the complete new 256-bit flag vector that will be used for the next
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iteration of the processing block. This unit consists of two levels of 256-bit latches,
the first level is to latch the sub-flag vectors one after the other, and the second level
to release all 256 bits of the complete new flag vector. Also, a signal RTRDY will
produce if all 256 bits of the flag vector are 1’s to indicate that all shortest paths are
found and the routing table information of the network can be downloaded from the
hardware. It is generated by ANDing all new 256 bits of flag vector.
14- Routing Table unit (RT unit): The RT unit will have the final information of the
shortest paths of the network routs. It consists of
bits array viewed as 16
partitions; each partition is 256 16 bits sub-array. The input of this unit is the subcost matrix resulted from SUB unit. The zero values of sub-cost matrix elements
will set the corresponding bits positions in a sub-array of RT unit. Each sub-cost
matrix process a sub-array of RT unit, and the 16 sub-cost matrices covers the
256 256 bit array. At the end of the shortest path computations, when
bit is
set, this means that the link from

node to

node is participated in the shortest

path because of its minimum cost.
15- Multiplexer 7 (MUX7): Finally, the routing table can be read out from the RT unit
using a MUX7. This multiplexer has 1024 inputs and one output; each is of 64-bit
wide. Its selector is 10-bit address bus ADDR2 for reading the 256 256 bits of RT
units as 64 bits each click cycle. MUX7 will be enabled if RTRDY signal of
LATCH3 unit is logic 1.
16- Synchronization unit (SYNC unit): The synchronization and control the flow of the
data from one unit to the other in PPSPS processor is done by SYNC unit. It controls
the cost matrix processing steps by releasing signals for enabling/disabling each
component of the processor hardware. SYNC unit consists of two53-bit rotation
registers (SRR1 and SRR2) and one256-bit inputs OR-gate. The function of OR-gate
is to produce the selector of MUX1 and MUX3 by ORing the 256 bits of the new
flag vector generated by FLG – LATCH3 units. Initially, all these 256 bits are set to
logic 0, so the initial selector state is logic 0, that will cause MUX1 and MUX3 pass
the origin cost matrix and flag vector, respectively. After the first iteration of the
processing block, the 256 bits of the new flag vector will contain at least one bit
with logic 1 level, resulting the selector will change its state to logic 1 and
accordingly MUX1 and MUX3 will pass the updated cost matrix and flag vector,
respectively. The selector will remain at logic 1 till the computation of shortest paths
is completed. The two synchronization rotation registers of SYNC unit are
described in the next section.

IV. Pipelining Data Flow and The Synchronization of PPSPS Processor
A single clock signal drives all components of the PPSPS processor except MUX1
and MUX3 which are non-clock driven units. Table 1 shows the clock cycles and data
pipelining flow starting from the pass of the first sub-cost matrix from MUX2 and ending
when the 256-bit new flag vector generated by LATCH3 unit. This time period represent
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the time consumed by PPSPS processor for a single iteration of the processing block
operation.
Table 1 Data pipelining flow of processing block of the PPSPS processor.

In Table 1, the mark X means that a new data is processed and out from that unit.
MUX1 takes 16 clock cycles (from 1 to 16 clocks event) to pass the complete cost matrix
as a pipelined 16 sub-cost matrices flow. Also INF unit takes 16 clock cycles (from 2 to
17 clocks event) to process the 16 sub-cost matrices sequentially, each during a single
clock period. The CMP unit needs 32 clock cycles (from 3 to 34 clocks event) to find the
global minimum cost of the cost matrix. In pipelining flow, 28 clocks for finding the
minimum values of the 16 sub-cost matrices and 4 clocks for finding the global minimum
of the cost matrix. Both SUB and FLG units consume 16 clock cycles to process the
complete cost matrix and flag vector, respectively. LATCH3 unit needs 17 clock cycles to
produce the new 256-bit flag vector, 16 clocks for latch the 16 sub-flag vectors in the first
level latches and 1 clock for enable all second level latches to release the new flag vector.
From Table 1, it is clear that a single iteration of the processing block of the PPSPS
processor is finished within 53 clock cycles. At clock cycle 54, a new iteration will be
begun and the data will start flow in pipelining manner with the same scenario. In order to
synchronize the pipelining data flow for each iteration, SYNC unit has two
synchronization rotation registers SRR1 and SRR2 designed for this purpose. Both
registers are 53-bit length, and initialized with bit patterns to enable the controlled units in
its time and disable them in other times. Figure 3shows the architecture of these registers
and their initial bits patterns. SRR1 and SRR2 start rotate their bits pattern to the right
when their enable inputs are active and they still in rotation unless the processor is reset.
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Fig. 3 SRR1 and SRR2 of SYNC unit.
The synchronization operation of the two rotation registers can be explained as
follows:
- SRR1: It starts rotate its bits pattern when its rr1_en input is active. The last address
decoder output L(8191), which used for latching the last 64 bits of cost matrix, is
connected to rr1_en. When this line has logic level 1, next clock cycle will make RR1
start rotation. Bit SRR1(0) will enable MUX2, C1, and MUX4 when it is at logic 1
state. Because of the appropriate initial bits pattern of this register, these three units
will stay enabled for 16 clocks in order to pass the complete cost matrix and flag
vector from MUX2 and MUX4, respectively. After, MUX2 and MUX4 will be
disabled and latch the last output, and C1 will disable counting and force its 4-bit
output to 0000. These three units will stay at these states for the next 37 clock cycles
before they restart the same operation for a new iteration of the processing block for
new 53 clock cycles.
The SRR1(20) bit is connected to C2 and MUX5 enable inputs. When its logic state
is 1, these two units will start working in next clock cycle. The 4-bit output of counter C2
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is pre-set to 0000. So, if MUX5 is enabled, it will pass the first sub-cost matrix toward the
SUB unit. In the same clock cycle, C2 will increment its output by 1 to prepare the
selector of MUX5to select the second sub-cost matrix in the next clock cycle. This
operation will continue for 16 clock cycles in order to complete passing all the 16 subcost matrices which stored in LATCH1 unit. SRR4(20) bit will be at logic 1 level after 34
clocks from enabling the register, and stay at this level for a 16 clocks, then return to 0 for
37 clocks. By this way, SUB unit will process the 16 sub-cost matrices in a pipelining
manner during each iteration of the processing block. On the other hand, SRR4(19) bit
enables MUX6 when its logic level is 1, i.e., after one clock cycle from C2 and MUX5
enabled, for 16 clock cycles.
- SRR2: Latch 1 unit stores the 16 sub-costs matrices after updating by INF unit in
pipelining manner. The 16 enable signals of this unit are provided by SRR2. After 3
clocks from the time of L(8191) signal is set to logic 1, the first sub-cost matrix is arrived
to LATCH1 unit, and the rest matrices will come consequently during the next 15 clocks.
The initial bits pattern of SRR2 is set so that SRR2(49) will be at logic 1 at the same time
of the arrival of the first sub-cost matrix to LATCH1, and because of connecting this bit
to the first latch enable, L1_1, next clock cycle will save this sub-cost matrix in its
latches. The other sub-cost matrices will be also stored in LATCH1 unit by logic 1 state
of SRR2(48) to SRR2(34) bits which represent the enable signals of the other 15 latches
L1_2 to L1_16.
The second function of SRR2 register is that to enable the intermediate stage of
CMP unit, which is the latch part. The logic states of bits SRR2(37) through SRR2(22)
are used to enable the sixteen 8-bit latches CL1 through CL16, respectively, in sequence
and one latch per a clock cycle. The result of this operation is the latching of the 16
minimum values of the sub-cost matrices processed by first comparator of CMP unit. It is
required 15 clock cycles, from the time of L8191 is logic 1, to find the minimum cost of
the first sub-cost matrix. The other 15 minimums of the rest sub-cost matrices will be
found during the next 15 clock cycles. When all the 16 minimum values are found and
latched, the second comparator will be enabled at the next clock by SRR2(21) bit to find
the global minimum during 4 clock cycles, and the CMP unit finishes its work for this
iteration and will repeat the same operation next iteration.
The other function of this rotation register is to provide latch signals for three units,
LATCH2, RT, and LATCH3. SRR2(16) will be at logic 1after 36 clocks from SRR2
starts rotating. During the next clock cycle, SRR2(16) will latch the first updated sub-cost
matrix produced by SUB unit in LATCH2 unit, and also will enable first 16 columns of
the bits array of RT unit for updating its bits from logic level 0 to 1 if the corresponding
costs of the updated sub-cost matrix have zero values. In the same manner, SRR2(15) to
SRR2(1) will be used for the rest parts of LATCH2 unit and RT unit. On the other hand
and by the same way, SRR2(15) through SRR2(0) will be used to latch the 16 sub-flag
vectors resulting from FLG unit in the first level latches of LATCH3 unit. Then, the
logic state of SRR2(0) bit is delayed by one clock cycle. This will activate the second
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level latches of LATCH3 unit to release the complete 256-bit new flag vector. At this
clock cycle, the synchronization of the pipelining data flow operation for a single
processing block iteration cycle will be terminated after 53 clock cycles.

V. FPGA-Based Implementation and Results
The proposed architecture of PPSPS processor is targeted to Xilinx Virtex7
(XC7V2000T)FPGA chip [11] for implementing. Xilinx ISE design suite 13.2 [12] is used
for writing VHDL codes, synthesizing the design, and also specifying timing constraints
for the best and fastest performance. The FPGA area utilization and the minimum clock
period resulted are presented in Table 2, and post place and route (post-PAR) simulation
using Xilinx ISIM simulator [13] is successfully done.
Table 2 XC7V2000T FPGA chip utilization and clock period.
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A) Performance evaluation of PPSPS processor
From the previous section, a single iteration of the processing block of PPSPS
processor consumes 53 clock cycles for shortest paths computations. Thereby, the total
clock cycles for finding all shortest paths of the whole 256-node network from a single
source node to all destination nodes can be calculated as:
... (1)

The variable K in Eq. (1) is the number of iterations performed by processing block
until all shortest paths are found, i.e., all bits of flag vector become 1’s. Theoretically, the
parallel algorithm takes no more than N-1 iterations to complete the searching process,
where N is the number of network nodes. So for the 256-nodes network, if K=255, then
the total clock cycles will be 22732 clocks.
Actually, the number of iterations of the processing block is much less than N-1
because that the parallel algorithm can find multiple shortest paths from the source node to
many destination nodes. This feature reduces the number of iterations to find all shortest
paths, thus it provides an early-termination of the searching process. The calculation time
will depend on the network connections density and the variation of links costs. Network
connections density means the number of links that connect all nodes in the network, and
the variation of link costs means the differences between them. It has been found that the
connections density has a minor effect of the searching time while the major effect comes
from the variations of link costs. In Table 3, different random 256-node network
topologies are generated with the pre-definition of their link cost values and their
connection densities. The same network topologies are searched by software Dijkstra
algorithm (run on standard PC with 2 GHz Intel core i7 microprocessor and 8 GB of
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RAM). The execution times are calculated and compared with the corresponding
execution times of the PPSPS processor. The results in all tested cases illustrate the high
performance of PPSPS processor which high offers speed up factors (approximately in the
range of 20 – 280). The speed up factors of the 36 experiments presented in Table 3 are
plotted in Figure 4.
It is clear that from Table 3, when the network connection links have small and
more similar costs, the processing block iterations will be decreased and the speed up
factor of the PPSPS processor will be increased, and vice versa. Also, it is noted that,
the decrease in the connection density corresponds to the increase in the processing
block iterations.

Fig. 4 The speed up factors of the 20 experiments presented in Table 3.

B) Simulation results using Xilinx ISim
FPGA-based PPSPS processor for 256 nodes has been designed in VHDL codes
according to the proposed architecture, targeted to FPGA chip of the type Xilinx Vertix-7
(XC7V2000T), and tested with the two network topologies. Such topologies are different
in their complexity, link cost values and connection density. As an example, Figure 5
shows parts of the post place and route simulation waveforms of a cost matrix of 256-node
network. It should be noted that it takes 66 iterations of the processing block to find all
shortest paths. The Post-Route simulation is done by Xilinx ISim simulator [13], with link
link cost
costs of the cost matrix being represented in hexadecimal numbers, and
represents the infinity. The number of clocks and the number of iterations consumed by
FPGA-based PPSPS processor can be described as follows:
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Table 3 Various topologies of 256-node network.
Network Processing
Case Link cost
connection
block
no.
ranges
densities iterations
(K)
1
1-25
100%
4

Total clock
cycles

Execution
time of s\w
Dijkstra
(sec.)

Execution
time of
PPSPS (ns)

Speed up
factor

9429

0.0233

134834.7

172.8042

0.0281

134834.7

208.4033

2

1-25

75%

4

9429

3

1-25

50%

5

9482

0.027

135592.6

199.1259

4

1-25

25%

8

9641

0.0253

137866.3

183.5111

5

10-25

100%

13
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0.0081

141655.8

57.18086

6

10-25

75%

17

10118

0.0121

144687.4

83.62857

7

10-25

50%

19

10224

0.0145

146203.2

99.17704

8

10-25

25%

25

10542

0.012

150750.6

79.60167

9

20-50

100%

25

10542

0.008

150750.6

53.06778

10

20-50

75%

30

10807

0.0138

154540.1

89.29721

11

20-50

50%

34

11019

0.0169

157571.7

107.2528

12

20-50

25%

49

11814

0.019

168940.2

112.4658

13

50-100

100%

51

11920

0.0053

170456

31.09307

14

50-100

75%

58

12291

0.0125

175761.3

71.11918

15

50-100

50%

65

12662

0.0169

181066.6

93.33582

16

50-100

25%

85

13722

0.0119

196224.6

60.64479

17

75-125

100%

51

11920

0.0053

170456

31.09307

18

75-125

75%

61

12450

0.0166

178035

93.24009

19

75-125

50%

68

12821

0.0171

183340.3

93.26918

20

75-125

25%

94

14199

0.0103

203045.7

50.7275

21

125-200

100%

74

13139

0.0052

187887.7

27.67611

22

125-200

75%

85

13722

0.0122

196224.6

62.17365

23

125-200

50%

89

13934

0.0146

199256.2

73.2725

24
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25%

111

15100

0.0095

215930

43.99574

25

175-225

100%

49

11814

0.0052

168940.2

30.78012

26

175-225

75%

69

12874

0.0137

184098.2

74.41681

27

175-225

50%

79

13404

0.0131

191677.2

68.34407

28

175-225

25%

112

15153

0.0091

216687.9

41.99588

29

200-254

100%

54

12079

0.0035

172729.7

20.26287

30

200-254

75%

71

12980

0.0155

185614

83.50663

31

200-254

50%

79

13404

0.0113

191677.2

58.95328

32

200-254

25%

123

15736

0.0089

225024.8

39.5512

33

1-254

100%

14

9959

0.0399

142413.7

280.1697

34

1- 254

75%

16

10065

0.0379

143929.5

263.3234

35

1-254

50%

22

10383

0.0376

148476.9

253.238

36

1-254

25%

38

11231

0.0328

160603.3

204.2299
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- PPSPS processor starts receive the cost matrix within 7.15 ns. At the time = 464.75 ns,
the first row of cost matrix is latched completely after 32 clock cycles. Note that
464.75-7.15=457.6 ns and 457.6/14.3=32 clock cycles, 32x64bit=2048bit which is
the total bits of the first row (256x8bits)- See Figure 5(a).
- So, every 32 clock cycles, a new row will be latched completely in PPSPS processor, and
256x32 = 8192 clock cycles are required for latching the complete cost matrix. At
the time = 117152.750 ns, the last row of the cost matrix is latched. Again,
(117152.750-7.15)/14.3=8192 clock cycles- See Figure 5(b).
- Now, after one clock, the pipeline operation starts at the time = 117167.05 ns and the
first sub-cost matrix will inter the first iteration of the processing block- See Figure
5(c).
- The last clock of the 16 clocks of the pipeline operation starts at the time = 117381.550
ns. At this clock cycle the last sub-cost matrix will enter the processing block- See
Figure 5(d).
- At the time = 167174.150 ns, PPSPS processor completes the computations and found
all the shortest paths after 66 iterations of the processing block. Note that
(167174.150-7.15)/14.3 = 167167; 167167- 8192 = 3498, and 3498/53 = 66
iterations- See Figure 5(e).
- After one clock, the routing table information can be downloaded from PPSPS RT unit
for 1024 clock cycle.

(a)
Fig. 5 Xilinx ISim simulation results of PPSPS processor.
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)Fig. 5 (continued
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(e)
Fig. 5 (continued)

VI. Conclusions
In this paper, a pipelined-parallel hardware architecture for shortest path searching
(PPSPS) processor has been designed and implemented successfully for 256-node OSPF
networks. The synchronization of such proposed PPSPS processor is guaranteed with
fewer logics (73.7% FPGA chip flip-flops and 59.8% chip LUTs utilizations on Xilinx
Virtex7-XC7V2000T FPGA chip). These reduced implementation complexities have been
achieved because the processing block units are designed only to process 256 16 sub-cost
matrices. The cost matrix loading process to FPGA chip takes 8192 clock cycle and the
routing table information extraction takes 1024 clock cycle, while the processing block
53) clock cycles, where is the number of iterations of processing block
consumed (
for finding all shortest paths from a single node to the rest nodes. It has been noticed that,
two factors can affect the value; the link cost range and the network connection density.
When the network links costs are more similar with high connection density, the value
will be small and the total computing time will be then reduced. The resulting high speed
up factors of our experiments with various network topologies that differ in link cost
ranges and network connection densities have proved that the performance of the
proposed PPSPS processor can outperform the software Dijkstra algorithm running on a
conventional microprocessor system.
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