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SHORTEST PATH SEARCH METHOD ”MIDWAY” 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a Continuation of and 
claims bene?t of priority from “Shortest Path Search 
Method “Midway” US. patent application Ser. No. 10/269, 
749, which is incorporated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable 
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BACKGROUND OF INVENTION 

[0009] 
[0010] The said invention is applied to searching for a 
shortest path (with constraints) from a single source node to 
a single destination node in a ?at computer network. The 
shortest path search function which implements this new 
method is used by the routing module running in a router of 
a packet (or cell) switching network or running in a switch 
ing node of a circuit switching network. 

[0011] 2. Description of the Related Art 

[0012] A ?at computer network (or each ?at layer of a 
hierarchical network) consists of multiple number of nodes 
(i.e. dedicated purpose computers) connected by communi 
cation links, and forms a certain two dimensional topology. 
Each communication link is assigned a cost which is deter 

mined by considerations of application requirements When a packet (or cell) is to be sent or a circuit is to be built 

from a source node to a destination node in a network, it is 
required to ?nd a shortest path among all available paths 
between the source and the destination. If all links in a 
network are assigned the same cost, the shortest path is a 
minimum hop path. If link costs are different, the shortest 
path is a minimum cost path. In the latter case the number 
of hops in a minimum cost path may exceed that in a 
minimum hop path. 

1. Field of Invention 

[0013] The most popular method used by the current art to 
search for a shortest path is Dijkstra algorithm which may be 
a classic Dijkstra algorithm or an improved version of 
Dijkstra algorithm. Dijkstra algorithm has been described in 
many literatures [l][3], and may be applied in two different 
cases. 
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[0014] 1. To ?nd shortest paths from a single source 
node to all other nodes in a network. Dijkstra algorithm 
makes a ?ood search and builds a shortest path tree 
with the source node as its root, and with all other nodes 
in the network as branch nodes or leave nodes of the 
tree. The search will terminate when all nodes in the 
network are linked up to the tree. The time complexity 
of Dijkstra algorithm in case 1 is O(PN2) where PN is 
the total number of nodes in the network Dijkstra 
algorithm is ef?cient enough when applied in this case. 

[0015] 2. To ?nd a shortest path from a single source 
node to a single destination node in a network. Dijkstra 
algorithm works in the same way as it does in case 1, 
but the search will terminate when the destination node 
is attached to the tree In this case Dijkstra algo 
rithm also builds a shortest path tree with the source 
node as its root and a subset of the nodes in the network 
as branch nodes or leave nodes of the tree. The desti 
nation node is the last leave node being attached to the 
tree. In the case of searching for a minimum hop path 
this algorithm creates a minimum hop path tree. In the 
worst luck case it has to ?nd all the minimum hop paths 
to all the nodes which are as far away as or less far 
away than the destination node from the source node 
(i.e. all the nodes lying in the searching range shown by 
the big circle in drawing sheet l-l), even though it is 
only required to ?nd one path to a single destination 
node. In the case of searching for a minimum cost path 
this algorithm builds a minimum cost path tree. In the 
worst luck case it has to ?nd all the minimum cost paths 
from the source to all the nodes which are at the same 
cost away as or less cost away than the destination node 
from the source node (i.e. all the nodes lying in the big 
searching range circle shown by drawing sheet 1-1). In 
other words the problem of ?nding a shortest path 
(minimum hop or minimum cost path) from a single 
source to a single destination by Dijkstra algorithm is 
equivalent to the problem of ?nding all shortest paths 
from a single source node to all the nodes in a sub 
network lying within the boundary of the big circle in 
sheet 1-1. The center of the big circle is the source node 
and the radius is the number of hops or the cost of the 
path from the source to the destination. Bear in mind 
that sheet 1-1 is a topology map rather than a geo 
graphic map. All hops or all equal cost paths are 
displayed by equal length straight lines, although they 
are not equal in length geographically. Hence, all nodes 
which are at the same hops away or at the same path 
cost away from the source node lie on the circumfer 
ence of a circle. The time complexity of Dijkstra 
algorithm in case 2 is O(PD2) where PD is the total 
number of nodes in the sub-network which includes all 
nodes in the big circle shown by sheet l-l 

[0016] Obviously Dijkstra algorithm is not ef?cient 
enough in case 2, as it has to ?nd a large number of shortest 
paths which are not required while the purpose is to ?nd only 
one shortest path from a single source to a single destination. 

[0017] In a large high speed network the set up time of a 
shortest path from a single source to a single destination is 
a very important parameter, especially from the point of 
view of path switching on failure or preemption. The rerout 
ing of a lot of connections that were using a failing or 
preempted link or node may lead to a high number of 
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simultaneous new path set up and create a burst of process 
ing overhead. In order to avoid disrupting the connections at 
the end user level in the above situation it is highly desirable 
to reduce both the overhead of a shortest path search 
algorithm and the shortest path set up time. 

SUMMARY OF THE INVENTION 

[0018] To make shortest path search more ef?cient and 
faster, a neW search method “Midway” is invented. Instead, 
of starting from the source node and searching all the Way 
through to the destination node as the Way Dijkstra algo 
rithm Works, MidWay starts from both ends (i.e. source and 
destination) and runs shortest path search from both ends 
simultaneously or alternatively, until a shortest path tree 
from one end meets a shortest path tree from the other end 
at a “meet node” on midWay (see sheet 1-1), and the 
concatenated path (source nodeimeet node4destination 
node) meets a certain condition. Hence the neW algorithm is 
named “MidWay”. In comparison With Dijkstra, MidWay 
algorithm drastically reduces the overhead in search of a 
shortest path by reducing the number of nodes being 
searched, and hence it can ?nd a shortest path in much less 
time. In multiprocessor environment the tWo shortest path 
search processes (or threads) from both ends may run in 
parallel, and shortest path set up time Will be further 
reduced. The implementation of the said neW search method 
should minimize the additional code overhead required by 
doing shortest path search simultaneously or alternatively 
from both ends, and should de?ne a neW condition other 
than the condition used by Dijkstra to determine When the 
search should terminate. The implementation Will be 
described in the detailed description part. 

BRIEF DESCRIPTION OF THE DRAWING 

[0019] DraWing sheet 1-1 shows a big circle Which is the 
searching range of Dijkstra algorithm applied to searching 
for a shortest path from a single source node to a single 
destination node. It also shoWs tWo small circles Which are 
searching ranges of MidWay algorithm. One is the searching 
range of the search started from the source node While the 
other is that of the search started from the destination node. 
The tWo small circles touch at the meet node Where tWo 
shortest paths meet. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Comparison of Overhead (i.e. Complexity) betWeen Mid 
Way and Dijkstra Algorithms 

[0020] To ?nd a shortest path from a source node to a 
single destination node, the Dijkstra algorithm overhead is 
measured by O(PD2) Where PD is the number of nodes in the 
searching range shoWn by a big circle in sheet l-l, While the 
MidWay algorithm overhead is measured by O(PMl2) Plus 
O(PM22) Where PMl is the number of nodes in small circle 
I and PM2 is the number of nodes in small circle 2 (sheet 
1-1). The number of nodes contained in a searching range 
(depicted by a circle) depends on the topology of the 
netWork and the area of the circle (i.e. square of the radius 
of the circle), and it groWs rapidly With the radius Which 
represents the total number of hops or total path cost of the 
shortest path. The diagram in sheet 1-1 shows that the meet 
node is in the middle of the shortest path, the small circle 1 
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radius approximately equals to the small circle 2 radius and 
equal to one half of the big circle radius. For a rough 
estimate, assume the netWork nodes are evenly distributed in 
the circle, so the number of nodes in a circle is proportional 
to the square of the radius of the circle. Hence it can be 
concluded that 

Which means that overhead of MidWay algorithm is approxi 
mately l/sLh of that of Dijkstra algorithm. HoWever, the above 
conclusion is just a rough estimate, and the actual reduction 
of overhead provided by MidWay algorithm heavily depends 
on the netWork topology. The reduction of overhead by 
MidWay algorithm is supported by simulation test results of 
the code implementing MidWay algorithm. 

Detailed Description of MidWay Algorithm Implementation 

[0021] MidWay shortest path search algorithm may be 
implemented in different Ways. In single processor environ 
ment shortest path search from both end nodes is executed 
in a single task and a single function by alternatively 
sWapping pointers to tWo separate set of data structures, one 
for search from source node and the other for search from 
destination node. In multiprocessor environment shortest 
path search processes from source node and from destination 
node may be executed in parallel to further reduce shortest 
path set up time. In comparison to Dijkstra algorithm 
MidWay requires some additional code overhead as it needs 
to do shortest path search from both source and destination 
nodes. In order to avoid the additional overhead from 
outWeighing the bene?t of MidWay algorithm, the imple 
mentation should minimize the above mentioned code over 
head. Detailed description of MidWay algorithm is given in 
tWo parts, one for single processor environment and the 
other for multi-processor environment, and each part is 
further divided into tWo separate cases one for minimum 
cost path search and the other for minimum hop path search. 
The description illustrates hoW to do minimum cost or 
minimum hop search from both the source node and desti 
nation node simultaneously by multi-threading or multi 
tasking, or alternatively in a single task and a single func 
tion, and hoW to determine a shortest path is found 
successfully or the path search fails. This also illustrates the 
essential di?‘erence betWeen Dijkstra and MidWay algo 
rithms. 

[0022] All sanity checks, check of link capabilities and 
other link parameters against path requirements (con 
straints), randomizing the order of nodes to be searched for 
link load balancing purpose, and other considerations 
required in practical application are omitted for clarity 
purpose. 

Assumptions Made: 

[0023] l. The netWork is an undirected graph Which 
means that if a link cost is assigned to a link betWeen 
tWo nodes, the cost is same in both directions. 

[0024] 2. Link cost is alWays a positive value. 

[0025] 3. Valid node numbers are l, 2, 3, . . . , MAX 

NODES. 
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Note: Midway algorithm also applies to directed graph 
network. In this case to build the backward search tree 
(see p. 8) the inward link cost should be used instead of 
using the outward link cost. 

De?nitions : 

[0026] In order to make the description of the algorithm 
more readable the following terms are de?ned. (words in 
Italic font are de?ned terms) 

[0027] Network topology mapian array (struct 
nodeInfo netMap[MAXNODES+l]) wherein MAXN 
ODES equals to total number of nodes in the network, 
and its indexes are node numbers of nodes in the 
network (see header ?le midway.h). Each array element 
is a structure (struct nodeInfo) which contains two 
?elds, number of neighbor nodes and a list of neighbor 
nodes. Each element of neighbor node list (struct 
neighborNode) contains ?elds of neighbor node num 
ber and link cost. (It may also contain ?elds of link 
capabilities, link state (blocked or not) or other link 
parameters which may be required in practical appli 
cation, but they are not included here.) The network 
topology map structure should be updated by routing 
module periodically. 

[0028] Shortest pathia minimum cost path or a mini 
mum hop path as the case may be. 

[0029] Forward search directionisearch started from 
source node. 

[0030] Backward search directionisearch started from 
destination node. 

[0031] Forward search treeia shortest path search tree 
with source node as its root. 

[0032] Backward search treeia shortest path search 
tree with destination node as its root. 

[0033] Current search direction treeiif current search 
direction is forward, it isforward search tree, otherwise 
it is backward search tree. 

[0034] Opposite search direction treeiif current search 
direction is forward, it is backward search tree, other 
wise it isforward search tree. 

[0035] Searching nodeia node from which to search 
for a shortest path by looking at all its neighbor nodes. 

[0036] Neighbor nodeia node which has a direct link 
to a searching node. 

[0037] Searched nodeithe neighbor node which is 
currently being processed. 

0038 Node ath costithe total cost of the links in the P 
path which connects this node to the root of the tree. 
(for minimum cost path only) 

[0039] Node path hopsithe total number of hops in the 
path which connects this node to the root of the tree. 

[0040] Total path costithe total cost of the links in a 
path which connects the source node to the destination 
node. (for minimum cost path only) 

[0041] Total path hopsithe total number of hops in a 
path which connects the source node to the destination 
node. 
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[0042] Path costimay be used to denote node path cost 
or total path cost according to the context. (for mini 
mum cost path only) 

[0043] Path hopsimay be used to denote node path 
hops or total path hops according to the context. 

[0044] Path parameters4embodies path cost and path 
hops. 

[0045] Path A is more expensive than path Biif path 
cost of A is greater than path cost of B or if path hops 
of A is greater than path hops of B when the two path 
costs are equal. (for minimum cost path only) 

[0046] Path A is less expensive than path Biif path 
cost ofA is less than path cost of B or if path hops of 
A is less than path hops of B when the two path costs 
are equal. (for minimum cost path only) 

[0047] Path A is equally expensive as path Biif path 
cost ofA is equal to path cost of B and path hops ofA 
is equal to path hops of B. (for minimum cost path only) 

[0048] Least cost leave node is a leave node whose path 
to the root node is not more expensive than the path of 
any other leave node to the root. (for minimum cost 
path only) 

[0049] Leave node listithe leave nodes of the shortest 
path tree in each search direction are linked up in a 
double linked list which is sorted by the values of node 
path cost and node path hops of each leave node. The 
Least cost leave node is at the head of the linked list. 
(for minimum cost path only) 

[0050] least cost branch is de?ned as the branch starting 
from the root node to the least cost leave node. (for 
minimum cost path only) 

[0051] Candidate shortest pathia path that connects 
source node to destination node, and it is not more 
expensive than any other connecting paths found so far. 
(for minimum cost path only) 

Single Processor Environment 

Midway Minimum Cost Path Search Algorithm for 
SINGLE PROCESSOR SYSTEM 

Function Name Midway_min_cost_sp 

Description: To ?nd a minimum cost path from a single 
source node to a single destination node. Search is 
processed from source node or destination node alter 
natively. This function creates two minimum cost path 
trees, one starts from source node as root, and the other 
starts from the destination node. A minimum cost path 
is found when the minimum cost path from the source 
node meets that from the destination and the concat 
enated path meets a certain condition. 

Input: 

[0052] 1. Network topology map. 

[0053] 2. source node and destination node. 

[0054] 3. path requirement (path constraints) information 
should also be provided in practical application, but it is 
omitted here. 
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Output: 

[0055] l. The Minimum Cost Path 

[0056] 2. Total number of hops in the path 

[0057] 3. Total cost of the path. 

The output information is only valid when return is SUC 
CESS. 

Called by: routing module. 

Return: SUCCESS or FAILURE; 

Algorithm of Function Midway_min_cost_sp: 

[0058] l. InitialiZe two identical sets of data structures. 
One set for forward search, and the other for backward 
search. (see attached header ?le “midway.h”.) 

[0059] Both the forward search tree structure and the 
backward search tree structure are created as a global 
two dimensional array de?ned as struct nodeTempInfo 
tree[2][MAXNODES+l] wherein MAXNODES 
equals to the total number of nodes in the network, and 
tree[0][j] is forforward search direction, tree[l][j] for 
backward search direction. The second index “j” in 
tree[i][j] is the node number of each node in the 
network. Each element of the array is a structure (struct 
nodeTempInfo) which contains ?elds of parent node 
number, node path cost and node path hops. InitialiZe 
the forward search tree structure by setting source node 
as its root as well as its only leave node, that is to set 
?elds of tree[0][srcNode].parentNode equal to source 
node, node path cost and node path hops equal to “0”. 
InitialiZe the backward search tree structure by setting 
destination node as its root as well as its only leave 
node, that is to set ?elds of tree[l][destNode].parent 
Node equal to destination node, node path cost and 
node path hops equal to “0”. For the rest elements in the 
array tree[i][j] initialiZe parent node to “0”, and node 
path cost as well as node path hops to INFINITY which 
is a very large number. 

[0060] InitialiZe a global two dimensional array leave 
node list which is de?ned as struct node leaveCost[2] 
[MAXNODES+1] to hold all leave nodes of the two 
search trees wherein leaveCost[0][j] is for leave nodes 
on forward search tree, and leaveCost[l][j] for those on 
backward search tree. The second index “j” in leave 
Cost[i][i] is the node number of each node in the 
network. Each element leaveCost[i][j] is a structure 
(struct node) which contains ?elds of prev and next. 
“prev” is the node ahead of node j in the sorted list, and 
“next” is the node following node j in the sorted list. 
Both forward and backward leave node lists are sorted 
lists with the least cost leave node at the head of each 
list. InitialiZe forward leave node list (leaveCost[0][]) 
by setting source node as the only leave node in the list, 
and initialiZe backward leave node list (leaveCost[l][]) 
by setting destination node as the only leave node in the 
list. 

[0061] Declare a global data structure “struct meet 
_node meetNode”, with ?elds “node” to hold the meet 
node number, “total_path_cost” to hold the total path 
cost of the candidate shortest path, and “total_path 
_hops” to hold total path hops of the candidate path. 

Dec. 6, 2007 

InitialiZe node equal to “0”, “total_path_cost” and 
“total_path hops” to INFINITY. 

[0062] 2. InitialiZe global variable “Direction” equal to 
FORWARD (i.e. to start search from the source node 

?rst). 
[0063] 3. Entry of loop to build minimum cost path tree 

from source or destination node. Set pointers pointing 
to the appropriate set of data structures tree[][] and 
leaveCost[][] depending on search direction being 
FORWARD or BACKWARD. 

[0064] 4. Set searching node equal to the head node in 
the leave node list (i.e. the least cost leave node on the 
current search direction tree). First time entering this 
loop searching node is the root node of the said tree. 

[0065] 5. Pick the ?rst neighbor node in neighbor node 
list of the searching node, and set the said neighbor 
node as searched node. 

[0066] 6. Entry of loop to Search all neighbor nodes of 
the searching node. If the searched node is the parent 
node of searching node on the current search direction 
tree, skip this node and go to step 17, otherwise go to 
next step. 

[0067] 7. Calculate new node path cost by adding node 
path cost of the searching node and the link cost from 
searching node to the searched node. Calculate new 
node path hops by adding 1 to node path hops of 
searching node. 

[0068] 8. If the said searched node is already a leave on 
the current search direction tree go to next step, oth 
erwise go to step 10. 

[0069] 9. The searched node is already on the current 
search direction tree. Compare current node path 
parameters of the searched node with new path param 
eters. If current searched node path is more expensive 
than new path go to next step, otherwise leave the said 
searched node as is and go to step 17. 

[0070] 10. Now process the searched node. InitialiZe or 
update its path parameters by setting searched node 
path cost equal to new node path cost, and searched 
node path hops equal to new node path hops. 

[0071] 11. If the searched node is also a node on the 
opposite search direction tree (i.e. this is the new meet 
node of a new path linking the source node and 
destination node), go to next step, otherwise go to step 
15. 

[0072] 12. The new path linking the two end nodes as 
mentioned in step 11 is given by concatenating the path 
from the source node to the new meet node and the path 
from the destination node to the new meet node. 
Calculate the new total path cost by adding the node 
path cost of the new meet node on the current search 
direction tree and its node path cost on the opposite 
search direction tree. Calculate the new total path hops 
by adding the node path hops of the new meet node on 
the current search direction tree and its node path hops 
on the opposite search direction tree. If there is no 
existing candidate shortest path, go to step 14; other 
wise go to next step. 
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[0073] 13. If there exists a candidate shortest path, 
compare the neW path parameters With candidate path 
parameters. If candidate path is more expensive than 
neW path, go to step 14; otherwise leave the existing 
candidate shortest path as is and go to step 15. 

[0074] 14. Set the neW path as the candidate shortest 
path by setting meetNode.node equal to the neW meet 
node, meetNode.total_path_cost equal to neW total path 
cost and meetNode.total_path_hops equal to neW total 
path hops. 

[0075] 15. If the searched node is already on the current 
search direction tree, go to next step; otherWise attach 
it to the said tree as a neW leave node by attaching it to 
the link from the searching node (i.e. set its parent node 
equal to searching node), and insert it into the leave 
node list at an appropriate position sorted by its node 
path cost and node path hops, then go to step 17. 

[0076] 16. As the searched node is already on the 
current search direction tree, remove it from the said 
tree and attach it back to the tree by linking it to the 
searching node. In addition to that since its node path 
cost and node path hops on the current search direction 
tree have been reduced in step 10, readjust its position 
in the leave node list if its node path is less expensive 
than the node path of the leave node preceding it in the 
said list. 

[0077] 17. Get next neighbor node of the searching 
node. If there is no more next neighbor node go to next 
step; otherWise set searched node equal to next neigh 
bor node and loop back to step 6. 

[0078] 18. All neighbor nodes of the searching node 
have been processed, so remove the searching node 
from the leave node list. The next searching node 
should be the head node in the updated leave node list 
(i.e. the least cost leave node on the updated current 
search direction tree). If next searching node is a valid 
node number, go to next step. If next searching node is 
not a valid node number, it means that the search 
process has exhausted all nodes in the netWork. In this 
case if there exists a candidate shortest path, it is the 
Wanted minimum cost path and return SUCCESS; 
otherWise return FAILURE because it means that 
source node and destination node are not connected. 

[0079] 19. Reaching this step the next searching node is 
valid. If meetNode.node equals “0”, go to step 20; 
otherWise meetNode.node is valid Which means there 
exists a candidate shortest path. Then check the can 
didate shortest path to determine if it satis?es the 
condition of a quali?ed minimum cost path. First 
calculate the total path cost of a virtual minimum cost 
path by adding the path cost of the least cost branch on 
the forWard search tree and the path cost of the least 
cost branch on the backWard search tree, and also 
calculate the total path hops of a virtual minimum cost 
path by adding the path hops of the tWo least cost 
branches on the tWo above mentioned trees. Next 
compare the path parameters (i.e. path cost and path 
hops) of the virtual minimum cost path With those of 
the candidate shortest path to check the quali?cation 
condition Whether the candidate shortest path is not 
more expensive than the virtual minimum cost path. If 
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the above stated condition is TRUE, the candidate 
shortest path is identi?ed to be the quali?ed minimum 
cost path, search is done, and return SUCCESS; oth 
erWise go to next step. 

[0080] 20. Reaching this step there is no candidate 
shortest path or the condition stated in step 19 is not 
TRUE, and the next searching node is valid, sWitch 
search direction (i.e. sWitch search direction from FOR 
WARD to BACKWARD or vice versa) and loop back 
to step 3 to continue search. 

PROOF of the condition de?ned in step 19 to determine 
if a quali?ed minimum cost path is found: 

[0081] When the condition de?ned in step 19 is true, the 
least cost leave node either on forWard search tree or on 
backWard search tree may or may not lie on a path connect 
ing source node and destination node. If it does, the said 
connecting path must be equally expensive as or more 
expensive than the candidate shortest path. If it does not lie 
on any connecting path, it might reach one of the leave nodes 
on the opposite search direction tree in the subsequent 
rounds of search, and the connecting path thus created must 
be more expensive than that of the candidate shortest path. 
By exhausting all possible cases it can be concluded that 
there is no possibility to ?nd a connecting path Which is less 
expensive than the candidate shortest path. 

MidWay Minimum Hop Path Search Algorithm for SINGLE 
PROCESSOR SYSTEM 

Function Name MidWay_min_hop_sp 

[0082] Description: To ?nd a minimum hop path from a 
single source node to a single destination node. Minimum 
hop path search function runs path search code from source 
or destination node alternatively depending on the value of 
search direction. 

Conditions to determine a minimum hop path being found in 
forWard search direction: 

[0083] 1. forWard search tree meets destination node, or 

[0084] 2. forWard search tree meets backWard search 
tree at a meet node. 

Conditions to determine a minimum hop path being found 
in backWard search direction: 

[0085] 
[0086] 2. backWard search tree meets forWard search 

tree at a meet node. 

1. backWard search tree meets source node, or 

Input: 

[0087] 
[0088] 2. source node, destination node. 

1. netWork topology map. 

[0089] 3. requirements of link capabilities should also 
be provided in practical application, but omitted here. 

Output: 

[0090] 
[0091] 2. the total number of hops in the path. 

1. the minimum hop path. 

The returned information is valid only if return value is 
SUCCESS. 
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Called by: routing module. 

Return: SUCCESS or FAILURE 

Algorithm of Function Midway_min_hop_sp: 

[0092] 1. Create and Initialize two identical sets of data 
structures, one set for forward direction search and the 
other for backward direction search. (see header ?le 
midway.h) 

[0093] The data structures and the initialization of the 
forward search tree and the backward search tree are 
exactly the same as those described in step 1 of 
algorithm Midway_min cost_sp. 

[0094] For each search direction create two identical 
lists, one is searching node list to hold all searching 
nodes in each search direction and the other is searched 
node list to hold the nodes being searched by the 
searching node. Initialize source node as the only 
searching node in the forward searching node list (i.e. 
leaveHopi0[0][0].node=source node; leaveHopi0[0] 
[0].next=NULL;), and initialize destination node as the 
only searching node in the backward searching node 
list (i.e. leaveHopi0[1][0].node=destination node; 
leaveHopi0[1][0].next=NULL;). leaveHopi0[][] and 
leaveHopil serve to hold the searching node list 
and searched node list alternatively. (see arrays leave 
Hopi0[][], leaveHopil in midway.h). 

[0095] Initialize global variables “hops[0]” and “hops 
[1]” to “0” where “hops[0]” is used to control the 
swapping of pointers to searching node list and 
searched node list in the forward search direction, while 
“hops[1]” is used for the same purpose in the backward 
search direction. 

[0096] Set global variable Direction equal to FOR 
WARD (i.e. to start search from the source node ?rst). 

[0097] 2. Entry of the loop to build minimum hop path 
trees in forward or backward search direction alterna 
tively. Set pointers pointing to appropriate set of data 
structures tree[][], leaveHopi0[][] and leaveHopil 

depending on current search direction being FOR 
WARD or BACKWARD. If this is not the ?rst time 
entering this loop, swap the pointers to searching node 
list and searched node list, so the searched nodes in the 
previous round become searching nodes in the current 
round, and the searching node list used in the previous 
round is cleared and ready to hold the searched nodes 
in the current round. 

[0098] 3. If searching node list is empty return FAIL 
URE which means that source node and destination 
node are not connected, otherwise set searching node 
equal to the ?rst node in searching node list, and go to 
next step. 

[0099] 4. Entry of the loop to process all nodes in the 
searching node list. Set searched node equal to the ?rst 
neighbor node in the neighbor node list of the current 
searching node. 

[0100] 5. Entry of the loop to search all neighbor nodes 
of a searching node. If the searched node is already on 
the current search direction tree, skip this node and go 
to step 10, otherwise go to next step. 
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[0101] 6. Process the searched node. Attach it on the 
current search direction tree by linking it to the search 
ing node: 

[0 1 02] Tree [Direction][searched_node] .parentNode= 
searching_node; and update ?eld “pathhops” of searched 
node: 

tree[Direction][searchedinode].pathHops = 

tree[Direction][searchinginode].pathHops + 1; 

[0103] 7. If searched node equals target node (in for 
ward search direction target node is destination node, 
and in backward search direction target node is source 
node) or if searched node is a leave node on the 
opposite search direction tree, this means that the 
searched node is the meet node on the wanted mini 
mum hop path and go to next step; otherwise go to step 
9. 

[0104] 8. The minimum hop path found in step 7 is 
given by concatenating the path from the source node 
to the meet node and the path from the meet node to the 
destination node, and the total path hops of the said 
minimum hop path is given by adding the node path 
hops of the meet node in forward search direction and 
that of the meet node in backward search direction. 
Return SUCCESS. 

[0105] 9. Attach searched node to the tail of the 
searched node list, and go to next step. 

[0106] 10. If the neighbor node list of the searching 
node is exhausted, go to next step; otherwise set 
searched node equal to the next neighbor node of the 
searching node, and loop back to step 5. 

[0107] 11. All neighbor nodes of the current searching 
node have been searched. Check the searching node 
list. If searching node list is exhausted, go to next step; 
otherwise set searching node equal to next node in the 
searching node list, and loop back to step 4. 

[0108] 12. Current searching node list is exhausted, 
switch search direction (switch search direction from 
FORWARD to BACKWARD or vice versa), increase 
hops[Direction] by 1, and loop back to step 2. 

[0109] End of Single Processor part 

Multi-Processor Environment 

[0110] In multi-processor environment it is possible to 
take advantage of the power of parallel processing provided 
by multi-threading or multi-tasking to further reduce short 
est path set up time. A method based on multi-threading is 
described in the following. If the operating system does not 
support multi-threading, multi-tasking is the second choice 
(in certain real time operating system multi-tasking is as 
ef?cient as multi-threading). The method based on multi 
tasking should be very similar to that based on multi 
threading and its description will not be given. Thread 
management, scheduling and synchronization (shared 
resources integrity protection) should be compliant to 
POSIX standard [5] and certain extensions supported by the 
operating system in use may also be adopted. 
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[0111] The process Which runs the routing module code 
should do the following to create a Parallel Processing 
Environment. (All thread synchronization mechanisms 
mutexes, read Write locks and condition variables created by 
routing process are process private objects.) 

[0112] l. The Boss-Worker parallel programming 
model is applied to implement the shortest path search 
algorithm The initial thread of routing process 
creates a boss thread to run the main shortest path 
function, and creates tWo Worker threads to run the 
forWard and backward shortest path search functions. 

[0113] 2. The Worker thread creation function pthread 
_create( ) passes a thread argument “int Direction” to 
the created thread. Direction is assigned FORWARD to 
one Worker thread and BACKWARD to the other one. 
The Worker thread With Direction FORWARD Will 
create a forWard search tree rooted at source node (i.e. 
the host node), While the Worker thread With Direction 
BACKWARD Will create a backWard search tree rooted 
at the destination node. 

[0114] 3. Set system scheduling contention scope for 
the tWo Worker threads equal to PTHREAD_SCOPE 
_SYSTEM to bind them to tWo kernel threads in a one 
to one map, and make sure they Will run on tWo distinct 

processors to guarantee parallelism. 

[0115] 4. As shortest path searching is a real time job, 
the scheduling policy of the tWo Worker threads should 
be SCHED_FIFO and their priority should be set to 
very high priority, so that they Will be scheduled to run 
as soon as they get Work and Will not be preempted 
before the Work is done. (If 3 and 4 are not supported 
by the operating system, other scheduling policy may 
be considered, but performance Will be degraded.) 

[0116] 5. Create mutexes or read Write locks to protect 
folloWing shared data or data structures (see header ?le 
midWay.h). 

[0117] “struct nodeTemplnfo tree[2][MAXNODES+ 
1]” in WhichforWard search tree and backWard search 
tree are created. (for both minimum cost and minimum 
hop path) 

[0118] “struct meet_node meetNode” (for minimum 
cost path) 

[0119] “unsigned short meetNode” (for minimum hop 
path) 

[0120] 6. lnitialiZe condition variables condForWard, 
condBackWard and condBoss and declare condition 
predicates searchForWard, searchBackWard and search 
Done to coordinate synchroniZation betWeen boss 
thread and Worker threads. Each condition predicate 
should be protected by its associated mutex. 

[0121] 7. De?ne tWo user de?ned signal types 
SlGUSRl and SIGUSR2 for inter-thread communica 
tion betWeen tWo Worker threads running in parallel to 
search for a shortest path from tWo opposite ends 
(source and destination). When one thread has found a 
shortest path, it Will send a signal to the other thread 
notifying it to stop search. SlGUSRl is to be sent to 
forWard search Worker thread by backWard search 
Worker thread, and SIGUSR2 is to be sent in the other 
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Way round. All threads in routing process should block 
the tWo user de?ned signal types except the tWo said 
Worker threads. The forWard search Worker thread 
should accept SlGUSRl and the backWard search Work 
thread should accept SIGUSR2. Install tWo signal 
handlers in signal structures (struct sigaction actl, 
act2;). Set actl.sa_handler equal to function pointer 
sig_handlerl and act2.sa_handler equal to function 
pointer sig_handler2. Algorithm of Signal handlers Will 
be given folloWing the description for function Min 
_cost_search. 

[0122] 8. Declare global array ?agDone[2]. It is initial 
iZed to all Zeros by function MidWay_min_cost_mp or 
MidWay_min_hop_mp. When ?agDone[O] is set to “l” 
(TRUE), it is to notify forWard search thread to stop 
search. When ?agDone[l] is set to “l” (TRUE), it is to 
notify backWard search thread to stop search. Array 
?agDone[2] is not a shared object. “?agDone[i]” is 
updated by sig_handler. 

[0123] 9. Whenever the boss thread gets a job request to 
?nd a shortest path from the source node (i.e. the host 
node) to a destination node, it runs function Mid 
Way_min_cost_mp for minimum cost path or function 
MidWay_min_hop_mp for minimum hop path. Either 
function being called Will initialiZe Working data struc 
tures and global variables in the process heap space to 
be used by the tWo Worker threads and Wake up the 
Worker threads by signaling a condition variable. 

[0124] 10. The tWo Worker threads need to access the 
structure of netWork topology map. As the access is 
“read only”, it doesn’t need thread synchroniZation. 
The boss thread is responsible for updating the netWork 
topology map, but the structure should be kept froZen 
While shortest path search is in progress, so there is no 
concurrent access con?ict in this structure. 

MidWay Minimum Cost Path Search Algorithm for 
MULTl-PROCESSOR SYSTEM 

[0125] The algorithm of boss thread function MidWay_m 
in_cost_mp and that of Worker thread function Min_cost 
_search are described beloW. 

Function Name: MidWay_min_cost_mp 

[0126] Description: To ?nd a minimum cost path from a 
single source node to a single destination node. This func 
tion activates tWo Worker threads running simultaneously to 
create tWo minimum cost path trees, one starts from source 
node as root, and the other starts from the destination node 
as root. A minimum cost path is found When tWo minimum 
cost paths meet and the concatenated path meets a certain 
condition. 

Input: 

[0127] 
[0128] 2. source node and destination node. 

1. NetWork topology map. 

[0129] 3. path requirement information (path constraints) 
should also be provided in practical application, but it is 
omitted here. 

Output: 

[0130] l. The minimum cost path, total number of hops in 
the path and total cost of the path. 
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[0131] 2. or SEARCH FAILED. 

Running in boss thread. 

Algorithm of Function Midway_min_cost_mp: 

[0132] 1. Wait on job queue. The job request is either to 
update structure Network topology map (higher prior 
ity) or to ?nd a shortest path. Whenever the boss thread 
gets a job request to ?nd a shortest path (minimum cost 
path) from the source node (i.e. the host node) to a 
destination node, it will ?rst initialize the following 
working data structures and global variables in the 
process heap space to be used by the two worker 
threads. 

[0133] The data structures and initialization of forward 
search tree and backward search tree in array tree[][] 
are same as those described in step 1 of function 
Midway_min_cost_sp (p. 11). As they are shared 
objects and may subject to concurrent access, each 
must be protected by its own mutex or a read write lock. 

[0134] The data structure and initialization of leave 
node lists in array leaveCost[][] are same as those 
described in step 1 of function Midway_min_cost_sp 
(p. 11). As they are not shared objects, there is no need 
to consider thread synchronization. 

[0135] Structure “struct meet_node meetNode” is same 
as that described in Midway_min_cost_sp (p. 12). It is 
a shared object and should be protected by a mutex or 
read write lock. 

[0136] Initialize condition variables condForward, 
condBackward and condBoss and condition predicates 
searchForward, searchBackward and searchDone. 
Each condition predicate should be protected by its 
own associated mutex. 

[0137] Zero out array ?agDone[2]. This array is not a 
shared object. 

[0138] Declare a shared variable “int retVal” to indicate 
function Min_cost_search return value is SUCCESS or 
FAILURE. It should be protected by a mutex. 

[0139] Thread synchronization should be applied to 
access shared data and data structures. The lock and 
unlock operations will not be explicitly stated in the 
description of the algorithm to make the description 
more readable, but they should be implemented in the 
code. 

[0140] 2. Wake up forward search thread by setting 
predicate searchForward equal to TRUE and signaling 
condition variable condForward, and wake up back 
ward search thread by setting predicate searchBack 
ward equal to TRUE and signaling condBackward. 

[0141] 3. Wait on condition variable condBoss, till the 
shortest path is found by the worker threads. 

[0142] 4. When one of the worker threads succeeds in 
?nding a shortest path or fails, it will set return value 
“retVal” to SUCCESS or FAILURE, set predicate 
searchDone equal to TRUE and signal condBoss to 
wake up boss thread. The boss thread being activated 
will continue to run and go to step 5. 
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[0143] 5. Check shared variable “retVal”. If it is SUC 
CESS, present the shortest path in the format of a list 
of nodes and the total path cost and total path hops of 
the path to the job requesting module, otherwise notify 
requesting module SEARCH FAILED. The way to get 
the result shortest path is to concatenate the path from 
the source node to the meet node by tracing back from 
tree[FORWARD][meet node] all the way to tree[FOR 
WARD][source node] and the path from the meet node 
to the destination node by tracing back from tree 
[BACKWARD][meet node] all the way to tree[BACK 
WARD][destination node] where meet node is given by 
meetNode.node. “total path cost” and “total path hops” 
are given by meetNode.total_path cost and meetNode 
.total_path_hops. Loop back to step 1. 

Function Name Min_cost_search 

Description: It creates a shortest path tree rooted at the 
source or destination node as the case may be. A 

minimum cost path is found when the shortest path tree 
created by it meets that from the opposite end node and 
the concatenated path meets a certain condition. 

Input 

[0144] 1. Network topology map. 

[0145] 2. source node and destination node. 

[0146] 3. path requirement information (path constraints) 
should also be provided in practical application, but it is 
omitted here. 

Output: 

[0147] 
[0148] 2. Total number of hops in the path and total cost 

of the path 

1. The Minimum Cost Path 

[0149] 3. return variable “retVal” SUCCESS or FAILURE 

The output information is only valid when shared variable 
“retVal” is SUCCESS. 

Activated by function Midway_min_cost_mp. 

Running in worker thread. 

Algorithm of Function Min_cost_search: 

[0150] 1. Entry of loop to wait for work i.e. to wait on 
condition variable condForward or condBackward 
depending on argument Direction being FORWARD or 
BACKWARD which is passed to it by thread creation 
function. 

[0151] 2. When boss thread function Midway_min 
_cost_Mp signals the said condition variable, the 
worker thread is scheduled to run, and go to next step. 

[0152] 3. Set pointers pointing to the appropriate set of 
data structures tree[][] and leaveCost[][] of each thread 
depending on argument “Direction” being FORWARD 
or BACKWARD. In forward search direction the root 
node of the forward search tree is the given source 
node, and destination node is the given destination 
node, while in backward search direction the root of the 
backward search tree is the given destination node, and 
the destination node is the given source node. 
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[0153] 4. Steps 4 through 17 are exactly the same as the 
corresponding steps in algorithm of Function Mid 
Way_min_cost_sp (see pp 12, 14). 

[0154] 18. Reaching this step all neighbor nodes of the 
searching node have been processed, so remove the 
searching node from the leave node list. NoW check if 
the other Worker thread has sent any signal by reading 
?agDone[Direction]. If the value is TRUE, it means 
that search should stop, break out of the loop started at 
step 4, and loop back to step 1, otherWise continue 
search. The next searching node should be the least cost 
leave node on the updated current search direction tree. 
If the next searching node is a valid node number, go 
to next step; otherWise go to step 20. 

[0155] 19. Reaching this step the next searching node is 
valid. If meetNode.node equals “0” Which means there 
is no candidate shortest path, go to step 21; otherWise 
meetNode.node is valid Which means there exists a 
candidate shortest path. Then check the candidate 
shortest path to determine if it satis?es the condition of 
a quali?ed minimum cost path. This condition is 
exactly the same as that described in step 19 of function 
MidWay_min_cost_sp (see p. 14). If the above stated 
condition is TRUE, search is done, set shared variable 
“retVal” to SUCCESS, send a signal to the other Worker 
thread to notify it to stop, set predicate searchDone to 
TRUE and signal condBoss to Wake up boss thread, 
break out of the loop started at step 4, and loop back to 
step 1. If the quali?ed minimum cost path condition 
check fails, go to step 21. 

[0156] 20. Reaching this step there is no valid searching 
node number left. If there exists a candidate shortest 
path, it is the Wanted shortest path and set shared 
variable “retVal” to SUCCESS, otherWise set “retVal” 
to FAILURE, as the latter condition means the source 
node and destination node are not connected. In both 
cases signal the other Worker thread to stop, set predi 
cate searchDone to TRUE, signal condBoss to Wake up 
boss thread, break out of the loop started from step 4 
and loop back to step 1. 

[0157] 21. Reaching this step either candidate shortest 
path doesn’t exist, or the condition stated in step 19 is 
not TRUE and the next searching node is valid, so loop 
back to step 4 to continue search. 

PROOF of the condition stated in step 19 is the same as 
the proof given in function 

MidWay_min_cost_sp. (see p. 14) 
Function Name: sig_handler1 

Description: To handle the signal of type SIGUSR1 being 
sent to forWard search Worker thread to notify the said 
thread to stop search. 

Algorithm of Function sig_handler1 

[0158] 1. set ?agDone[O] equal to TRUE. 

[0159] 2. return; 

Function Name: sig_handler2 

Description: To handle the signal of type SIGUSR2 being 
sent to backWard search Worker thread to notify the said 
thread to stop search. 
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Algorithm of Function sig_handler2 

[0160] 1. set ?agDone[l] equal to TRUE. 

[0161] 2. return; 

MidWay Minimum Hop Path Search Algorithm for MULTI 
PROCESSOR SYSTEM 

Function Name MidWay_min_hop_mp 

[0162] Description: To ?nd a minimum hop path from a 
single source node to a single destination node. This func 
tion activates tWo Worker threads running simultaneously to 
create tWo minimum hop path trees, one starts from source 
node as root, and the other starts from the destination node 
as root. 

Conditions to determine a minimum hop path being found in 
forWard search direction: 

[0163] 
[0164] 2. forWard search tree meets backWard search 

tree at a meet node. 

1. forWard search tree meets destination node, or 

Conditions to determine a minimum hop path being found 
in backWard search direction: 

[0165] 
[0166] 2. backWard search tree meets forWard search 

tree at a meet node. 

1. backWard search tree meets source node, or 

Input: 

[0167] 
[0168] 2. source node, destination node. 

1. netWork topology map. 

[0169] 3. requirements of link capabilities (path con 
straints) should also be provided in practical applica 
tion, but omitted here. 

Output: 

[0170] 1. the minimum hop path and the total number of 
hops in the path. 

[0171] 2. or SEARCH FAILED. 

Running in boss thread. 

Algorithm of Function MidWay_min_hop_mp: 

[0172] 1. Wait on job request queue. The job request is 
either to update structure NetWork topology map 
(higher priority) or to ?nd a shortest path. Whenever 
the boss thread gets a job request to ?nd a shortest path 
(minimum hop path) from the source node (i.e. the host 
node) to a destination node, it Will ?rst initialiZe the 
folloWing Working data structures (tWo identical sets of 
data structures, one set for forWard search direction and 
the other for backWard search direction), and global 
variables in the process heap space to be used by the 
tWo Worker threads. 

[0173] Initialization of the forWard search tree and the 
backWard search tree in array tree[][] and thread syn 
chroniZation mechanism are exactly the same as those 
described in step 1 of algorithm MidWay_min_cost_mp 
(see p. 21). 

[0174] InitialiZe searching node list and searched node 
list (leaveHopi0[][] and leaveHopil in the same 
Way as described in the corresponding bullet of step 1 
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in algorithm MidWay_min_hop_sp (see p. 16). The tWo 
arrays are not shared objects 

[0175] Initialize global variables “hops[0]” and “hops 
[1]” in the same Way as described in the corresponding 
bullet of step 1 in algorithm MidWay_min_hop_sp (see 
p. 16). Array hops[2] is not a shared object. 

[0176] Initialize global variable “unsigned short meet 
Node” to “0” Which is a shared object and should be 
protected by a mutex or a read Write lock. 

[0177] Initialize global variable “unsigned short tot 
PathHops” equal to “INFINITY”. It is not a shared 
object. 

[0178] Initialize condition variables condForWard, 
condBackWard and condBoss Which are not shared 

objects. Initialize condition predicates searchForWard, 
searchBackWard and searchDone Which are shared 

objects and should be protected by their associated 
mutexes. Both condition variables and condition predi 
cates are used to coordinate synchronization betWeen 
boss thread and its tWo Worker threads. 

[0179] Declare a shared variable “int retVal” to indicate 
function Min_hop_search return value is SUCCESS or 
FAILURE. It should be protected by a mutex. 

[0180] Zero out global array ?agDone[2]. This array is 
not a shared object. 

[0181] Thread synchronization should be applied to 
access shared data and data structures. The lock and 
unlock operations Will not be explicitly stated in the 
description of the algorithm to make the description 
more readable, but they should be implemented in the 
code. 

[0182] 2. Wake up forWard search thread by setting 
predicate searchForWard to TRUE and signaling con 
dition variable condForWard, and Wake up backWard 
search thread by setting predicate searchBackWard to 
TRUE and signaling condBackWard. 

[0183] 3. Wait on condition variable condBoss, till the 
shortest path is found by the Worker threads. 

[0184] 4. When one of the Worker threads succeeds in 
?nding a shortest path or fails, it Will set its return value 
to SUCCESS or FAILURE, set predicate searchDone 
to TRUE and signal condBoss to Wake up boss thread. 
The boss thread Will go to next step. 

[0185] 5. Check the return value “retVal”. If it is SUC 
CESS, present the shortest path in the format of a list of 
nodes and the total path hops of the shortest path to the job 
requesting module; otherWise notify requesting module 
SEARCH FAILED, and then loop back to step 1. The Way 
to get the result shortest path is the same as that described 
in step 5 of algorithm MidWay_min_cost_mp (p. 22). “total 
path hops” is given by adding the node path hops of the meet 
node on the forWard search tree and that on the backWard 
search tree: 
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totPathHops = tree[FORWARD][rneetNode].pathHops + 
tree[BACKWARD][rneetNode].pathHops; (see midWayh) 

Function Name Min_hop_search 

Description: It creates a shortest path tree rooted at the 
source or destination node as the case may be. A minimum 
hop path is found When the shortest path tree created by it 
meets that from the opposite end node. 

Input 

[0186] 1. Network topology map. 

[0187] 2. source node and destination node. 

[0188] 3. path requirement information (path con 
straints) should also be provided in practical applica 
tion, but it is omitted here. 

Output: 

[0189] 
[0190] 2. return variable “retVal” SUCCESS or FAIL 
URE. 

l. the meet node number and minimum hop path. 

The output information is only valid When shared variable 
retVal is SUCCESS. 

Activated by function MidWay_min_hop_mp. 

Running in Worker thread. 

[0191] Algorithm of Function Min_hop_search: 

[0192] 1. Entry of loop to Wait for Work. Wait on 
condition variable condForWard or condBackWard 
depending on argument Direction being FORWARD or 
BACKWARD Which is passed to it by thread creation 
function. When boss thread function MidWay_min 
_hop_mp signals the said condition variable, the 
Worker thread is activated. It should set predicate 
searchForWard or searchBackWard to FALSE, set 
pointers pointing to appropriate set of data structures 
tree[][], leaveHopi0[][] and leaveHopil[][] depend 
ing on search direction being FORWARD or BACK 
WARD, and go to next step. 

[0193] 2. Entry of loop to build minimum hop path tree 
in forWard or backWard search direction. If this is not 
the ?rst time entering this loop, sWap the pointers to 
searching node list and searched node list, so the 
searched nodes in the previous round become searching 
nodes in the current round, and the searching node list 
used in the previous round is cleared and ready to hold 
the searched nodes in the current round. 

[0194] 3. If searching node list is empty, it means that 
source node and destination node are not connected, set 
return value “retVal” to FAILURE, send signal to notify 
the other Worker thread to stop, set condition predicate 
“searchDone” to TRUE and signal condBoss to Wake 
up boss thread, break out of the loop started from step 
2, and loop back to step 1. If searching node list is not 
empty set searching node equal to the ?rst element in 
searching node list, and go to next step. 
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[0195] 4. Steps 4 through 7 are exactly the same as the [0198] 10. If the neighbor node list of the searching 
corresponding steps in algorithm Midway_min_hop_sp node is exhausted, go to next step, otherwise set 
(see p, 17), searched node equal to the next neighbor node of the 

searching node, and loop back to step 5. 

[0199] 11. All neighbor nodes of the current searching 
node have been searched. Now check if the other 
worker thread has sent any signal by reading ?agDone 

[0196] 8. Reaching this step the minimum hop path is 
found. Now ?rst check if the other worker thread has 
sent any signal by reading ?agDone[Direction]. If the 
Value IS TRUE’ It means that thls 1S a non?canon to [Direction]. If the Value is TRUE, it means that this is 
Stop Search break out of the loop Started from Step 2’ a noti?cation to stop search, break out of the loop 
and 100p back to Step 1; Otherwise report Search done started from step 2, and loop back to step 1; otherwise 
by doing the following? Set Shared Variable meetNOde continue to search. Check the searching node list. If 
equal to the meet node de?ned in step 7. Set return Searching node list is exhausted, go to next step, 
Value “retVal” equal to SUCCESS- Send 8 Signal I0 the otherwise set searching node equal to next node in the 
other worker thread to notify it to stop search. Set Searching node list, and loop back to step 4, 
condition predicate searchDone to TRUE and signal [0200] 12' Current Searching node list is exhausted’ 
condition Variable condBoss to wake up boss thread. 
Break out of the loop Started at Step 2’ and loop back 1ncrease hops[D1rect1on] by l, and loop back to step 2. 

Notice that hops[Direction] is only used to control 
to Step 1' swapping of the pointers to searching node list and 

[0197] 9. Attach searched node to the tail of the Searched node 11st 
searched node list, and go to next step. [0201] End of Multi-Processor part 

/********************** midwayh ********************/ 
#de?ne MAXNODES 250 /* maximum number of nodes allowed in a network */ 
#de?ne MAXNEIGHBORS 8 /* maximum number of neighbor nodes ofa node */ 
#de?ne FORWARD 0 
#de?ne BACKWARD 1 
#de?ne INFINITYiCOST Oxf?f 
#de?ne INFINITYiHOPS Oxlf 
#de?ne SUCCESS 1 
#de?ne FAILURE —1 
typedef struct nodeTempInfo 

unsigned short parentNode; /* parent node in the shortest path tree */ 
unsigned short pathCost; /* total path cost from the node to root */ 
unsigned char pathHops; /* total path hops from the node to root */ 

} NODEiTEMPiINFO; 
typedef struct neighborNode 
{ 

unsigned short node; /* neighbor node number */ 
unsigned short linkCost; /* link cost to this neighbor node */ 

} NEIGHBORiNODE; 
typedef struct nodelnfo 

{ 
unsigned short nbors; /* number of neighbor nodes */ 
NEIGHBORiNODE neighbors[MAXNEIGHBORS]; 

} NODEilNFO; 
NODEiINFO netMap[MAXNODES + l]; /* array index = node number */ 

NODEiTEMPiINFO tree[2][MAXNODES + l]; /* second array index = node 
number */ 
/***>F>F>F>F>F>F>F>F>F>F>F>F>F>F>F>F>F>F************ 

tree[0] for forward search tree, 
tree[l] for backward search tree. 
>F>F>F>F>F>F>F***>F***********************/ 
int Direction, oppositeDirection; /* FORWARD or BACKWARD */ 
unsigned short srcNode, destNode; 
#ifdef MINCOST 
/******** For minimum cost path only ***************/ 
typedef struct meetinode 

{ 
unsigned short node; 
unsigned short totipathicost; 
unsigned short totipathihops; 

} MEETiNODE; 
MEETiNODEmeetNode; 
typedef struct node 

{ 
unsgned short prev; /* index of next node in the array */ 
unsgned short next; /* index of previous node in the array */ 
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} NODE; 
NODE leaveCost[2][MAXNODES + 1]; /* second array index = node number >*/ 
/**************************************** 
leaveCost[O][ ] for forward search 
leaveCost[1][ ] for backward search 
*****************************************/ 
#endif 
#ifdef MINHOP 
/********* For hop path only ***************/ 
typedef struct node 

unsigned short node; /* node number */ 
struct node *next; /* pointer to next node in the array */ 

} NODE; 
NODE leaveHopiO[2][MAXNODES + 1]; 
NODE leaveHopi1[2][MAXNODES + 1]; 
/*wk******************************************** 

************************************************/ 
/*** END ***/ 

1-4. (canceled) 
5. A method of determining a minimum hop path extend 

ing though a network of linked nodes, the linked nodes 
comprising a source node and a destination node, the method 
comprising: 

building a forward tree having a root node comprising the 
source node and a plurality of forward tree branches, 
each forward tree branch comprising a portion of the 
linked nodes, the portion of the linked nodes of each 
forward tree branch comprising a node linked to the 
source node; 

building a backward tree having a root node comprising 
the destination node, and a plurality of backward tree 
branches, each backward tree branch comprising a 
portion of the linked nodes, the portion of the linked 
nodes of each backward tree branch comprising a node 
linked to the destination node; 

determining whether one of the forward tree branches has 
a node in common with one of the backward tree 
branches the backward tree; and 

determining the minimum hop path comprises the forward 
tree branch comprising the common node and the 
backward tree branch comprising the common node. 

6. A method of determining a minimum cost path extend 
ing though a network of nodes comprising a source node and 
a destination node, each of the nodes of the network being 
linked to at least one other node of the network by a link 
having a link cost, the method comprising: 

creating a forward tree comprising the source node and a 
portion of the nodes of the network, the portion of 
nodes being arranged into a plurality of forward tree 
branches, each node of each of the forward tree 
branches being connected to at least one other node of 

the respective forward tree branch, each forward tree 
branch being connected to the source node by a node 
linked to the source node in the network, each forward 
tree branch comprising at least one end node and a 
forward path for each end node from the end node to 
the source node traversing at least one link of the 

network; 

creating a backward tree comprising the destination node 
and a portion of the nodes of the network, the portion 
of nodes being arranged into a plurality of backward 
tree branches, each node of each of the backward tree 
branches being connected to at least one other node of 
the respective backward tree branch, each backward 
tree branch being connected to the destination node by 
a node linked to the destination node in the network, 
each backward tree branch comprising at least one end 
node and a backward path for each end node from the 
end node to the destination node traversing at least one 
link of the network; 

determining one of the forward tree branches has an end 
node in common with one of the backward tree 

branches; 

identifying a concatenated path comprising the forward 
path from the common end node to the source node and 
the backward path from the common end node to the 
destination node; and 

determining the minimum cost path is the concatenated 
path. 

7. The method of claim 31, wherein each backward path 
of the backward tree branches comprises a path cost equal 
ing the sum of the link costs of the links traversed by the 
backward path, and each forward path of the forward tree 
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branches comprises a path cost equaling the sum of the link 
costs of the links traversed by the forward path, the method 
further comprising: 

selecting a search tree comprising one of the forward and 
backward search trees; 

identifying a least cost node of the search tree, the least 
cost node comprising the end node of the plurality of 
branches of the search tree having the lowest path cost; 
and 

building the least cost branch, the least cost branch 
comprising the branch having the least cost node, 
wherein building the least cost branch comprises add 
ing a new end node to the least cost branch, the new end 
node added being a node linked to the least cost node 
in the network. 

8. The method of claim 31, wherein each backward path 
of the backward tree branches comprises a path cost equal 
ing the sum of the link costs of the links traversed by the 
backward path, each forward path of the forward tree 
branches comprises a path cost equaling the sum of the link 
costs of the links traversed by the forward path, and deter 
mining the minimum cost path is the concatenated path 
comprises determining the concatenated path is not more 
expensive than a virtual minimum path, the method further 
comprising: 

creating the virtual minimum cost path by adding the path 
cost of the end node of the forward tree branches 
having the lowest path cost to the path cost of the end 
node of the backward tree branches having the lowest 
path cost. 
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9. The method of claim 33, wherein determining the 
concatenated path is not more expensive than a virtual 
minimum path comprises: 

determining the total path cost of the concatenated path; 

determining the total path cost of the virtual minimum 
path; and 

if the total path cost of the concatenated path is less than 
the total path cost of the virtual minimum path, deter 
mining the concatenated path is not more expensive 
than a virtual minimum path. 

10. The method of claim 33, wherein determining the 
concatenated path is not more expensive than a virtual 
minimum path comprises: 

determining the total path cost of the concatenated path; 

determining the number of total path hops of the concat 
enated path; 

determining the total path cost of the virtual minimum 
path; 

determining the number of total path hops of the virtual 
minimum path; and 

if the total path cost of the concatenated path is equal to 
the total path cost of the virtual minimum path and the 
number of total path hops of the concatenated path is 
less than or equal to the number of total path hops of the 
virtual minimum path, determining the concatenated 
path is not more expensive than a virtual minimum 
path. 


