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 Abstract—Conventional simple p-cycle (Preconfigured 
Protection Cycle) concept allows fast and capacity-efficient span 
protection in WDM mesh networks. Unlike simple p-cycle, 
non-simple p-cycle can traverse a node or span multiple times. 
The recently proposed p-trail (Pre-Cross-Connected Trail) 
concept further removes the cycle constraint by allowing 
arbitrary protection trails, leading to the most flexible and 
general design. Although non-simple p-cycles and p-trails are 
expected to be more capacity-efficient than simple p-cycles, it is 
still unclear how much capacity gain they can achieve compared 
with simple p-cycles. In this paper, we first point out some unique 
features of non-simple p-cycles and p-trails which are not fully 
explored in previous studies. This motivates us to formulate a new 
suite of ILPs (Integer Linear Programs) for optimal design of 
non-simple p-cycles and p-trails, based on which the achievable 
capacity gain over simple p-cycles can be investigated. Different 
from all the previous studies, the proposed ILPs are free of 
candidate cycle/trail enumeration, and can truly achieve an 
optimal design of non-simple p-cycles and p-trails. Our numerical 
results show that the capacity gain can be significant in some 
small-size networks with lightly-loaded traffic, but is generally 
trivial as the network size and the traffic load increase.  

 
Index Terms—Fast span protection, p-cycle (Preconfigured 

Protection Cycle), p-trail (Pre-Cross-Connected Trail), WDM 
(Wavelength Division Multiplexing). 
 

I. INTRODUCTION 
DM (Wavelength Division Multiplexing) technology 
allows hundreds of wavelengths to be multiplexed onto a 

single fiber for parallel transmission. To minimize service 
downtime and data loss upon a span/link failure (such as a 
fiber-cut), the most crucial issue is to achieve immediate optical 
recovery using a fast protection scheme. As pointed out in [1], 
the key for achieving fast protection is the pre-cross-connection 
of the backup path/wavelengths. Protection schemes can be 
further classified into span-based and path/segment-based 
schemes. Span-based protection tends to be faster in optical 
recovery, because failure detection and traffic switching are 
carried out locally by the two end nodes of the failed span and 
thus the signaling overhead is minimized. In this paper, we 
focus on span-based protection with pre-cross-connected 
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backup wavelengths. 
The classical p-cycle (Preconfigured Protection Cycle) 

concept [2] allows fast span protection with high capacity 
efficiency. Generally, a p-cycle refers to a simple p-cycle which 
traverses a node or span at most once. It is a ring-like loop-back 
pre-cross-connection using one backup wavelength (i.e., one 
unit of spare capacity) on each span it traverses. If a span is 
traversed by a p-cycle, it is called an on-cycle span of this 
p-cycle; otherwise it is a straddling span if its both end nodes 
are traversed by the p-cycle. Assume a single span failure at a 
time. The pre-cross-connected spare capacity reserved along a 
p-cycle can be shared to protect all its on-cycle and straddling 
spans. This leads to very high capacity efficiency. Meanwhile, 
only the two end nodes of the failed span need to carry out real 
time switching, and this leads to fast optical recovery. For a 
given network, an optimal set of simple p-cycles for 100% span 
protection can be found in two steps [2-3]. The first step 
enumerates all the distinct simple cycles in the network to form 
a candidate set. The second step adopts an ILP (Integer Linear 
Program) to find an optimal set of p-cycles from the candidate 
set, so as to minimize the required spare or total capacity. The 
p-cycle concept is also extended to non-simple p-cycles [3-4], 
where a non-simple p-cycle can traverse some nodes or spans 
multiple times (see Fig. 1a). So far, the same two-step approach 
based on non-simple cycle enumeration is the only way for 
non-simple p-cycle design. However, enumerating all 
non-simple cycles in a network is generally a formidable task. 

Besides simple and non-simple p-cycles, the p-trail concept 
(Pre-Cross-Connected Trail or PXT [1]) is also introduced for 
fast protection. Let vi-1 and vi be the two end nodes of a span ei. 
A trail can be denoted by an alternating sequence (v0, e1, v1, e2, 
v2, …, vn-1, en, vn) of nodes vi and spans ei, as shown in Fig. 1b. 
If a span is traversed by a trail, it is called an on-trail span; 
otherwise it is a straddling span if its two end nodes are 
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Fig. 1.  Non-simple p-cycle and p-trail (Pre-Cross-Connected Trail).

(b) p-trail (a) Non-simple p-cycle 

v0 

v1 
e1 

e2 
v2 

vn-1 

vn 

en 



 
 

2

traversed by the trail. As defined in [1], a trail can traverse a 
node multiple times but a span at most once. To facilitate our 
analysis on p-trails, in this paper we extend the concept by 
allowing a p-trail to traverse a span once per direction. If v0≠vn, 
the trail is called an open trail; otherwise it is a closed trail, 
which is indeed a simple or non-simple cycle. A p-trail is 
implemented by pre-cross-connecting the backup wavelengths 
along the trail. Similar to p-cycles, p-trails can achieve fast 
optical recovery due to the pre-cross-connection nature. Since 
simple p-cycles can be regarded as a special case of non-simple 
p-cycles and both simple and non-simple p-cycles are special 
cases of p-trails, theoretically a non-simple p-cycle solution 
will never has poorer capacity efficiency than its simple p-cycle 
counterpart, and a p-trail solution will give the best capacity 
efficiency.  

Although it is obvious that non-simple p-cycles and p-trails 
can achieve better capacity efficiency than simple p-cycles, it is 
still unclear how much capacity gain they can achieve. This is 
due to two reasons. First, we notice that previous studies have 
ignored some distinct features of non-simple p-cycles and 
p-trails. Unlike a simple p-cycle (which can protect one unit of 
working capacity on each on-cycle span and two units on each 
straddling span), a non-simple p-cycle or p-trail may protect 
more than two units of working capacity on a particular 
on-cycle/on-trail or straddling span. Besides, the same set of 
on-cycle/on-trail spans can be pre-cross-connected in different 
patterns to generate different non-simple p-cycles/p-trails with 
different protection capabilities. Without observing those 
distinct features, a non-simple p-cycle or p-trail solution cannot 
be properly obtained. Second, designing an optimal non-simple 
p-cycle or p-trail solution is very complex. With the 
conventional two-step approach based on candidate cycle 
enumeration, even simple p-cycle design is very complex, 
because the total number of candidate cycles in a network 
increases exponentially with the network size. If non-simple 
cycles are considered, the size of the candidate set will be 
dramatically boosted. This is because multiple simple cycles 
can be geometrically combined in a combinatorial manner to 
form different non-simple cycles. Besides, multiple non-simple 
p-cycles can be generated from the same set of on-cycle spans 
depending on the pre-cross-connection patterns. Obviously, if a 
similar trail enumeration approach is adopted for p-trail design, 
the total number of candidate trails in a network will be far 
more than that of non-simple cycles. A large candidate set leads 
to a huge number of ILP variables which significantly slows 
down the optimization process. Although the size of the 
candidate set can be reduced by using only a subset of all the 
candidates in the design [3-7], the solution quality may be 
impaired accordingly [8]. Recently, some ILPs without 
candidate cycle enumeration were formulated for simple 
p-cycle design [8-10], but they cannot be directly extended to 
non-simple p-cycle or p-trail design. 

It is clear that both non-simple p-cycles and p-trails have not 
been sufficiently studied so far, and finding the corresponding 
optimal solutions is still a difficult task. Motivated by the above 
observations, our work contributes to the related studies in the 

following three aspects: 1) the paper identifies those distinct 
features of non-simple p-cycles and p-trails, such that their 
potential benefits can be fully explored; 2) by taking those 
distinct features into account, a set of optimal ILP models is 
formulated for non-simple p-cycle and p-trail design. We claim 
that our ILPs are the first efforts on optimally solving the 
problem without candidate cycle/trail enumeration; and 3) 
based on the ILPs formulated, the paper investigates the 
capacity gain of non-simple p-cycles and p-trails over the 
conventional simple p-cycles. To the best of our knowledge, 
the paper is the first study that initiates an optimal performance 
comparison among simple p-cycles, non-simple p-cycles and 
p-trails. We conclude that the capacity gain can be significant 
in small-size and lightly-loaded networks but is generally 
trivial as network size and traffic load increase. This makes it 
clear that the capacity gain due to non-simple p-cycles and 
p-trails is generally trivial in most practical designs. 

The rest of the paper is organized as follows. Section II 
highlights the distinct features of non-simple p-cycles and 
p-trails. Section III formulates the ILPs without candidate 
cycle/trail enumeration. Numerical results are presented in 
Section IV, and we conclude the paper in Section V.  

 

II. DISTINCT FEATURES OF NON-SIMPLE P-CYCLES AND 
P-TRAILS 

In an undirected network, a simple p-cycle can protect one 
unit of traffic on each on-cycle span and two units on each 
straddling span [2]. Fig. 2a shows an example of simple p-cycle 
protection. For the p-cycle 0-4-1-3-2-0, if on-cycle span (2, 3) 
fails, it provides one backup path 2-0-4-1-3; if straddling span 
(0, 1) fails, it provides two backup paths 0-4-1 and 0-2-3-1 
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(a) Simple p-cycle protection (b) Non-simple p-cycle protection 

Fig. 2.  Simple p-cycles do not fully explore mesh connectivity. 

The number next to each span indicates the amount of traffic units 
on that span. The cost of adding a backup wavelength to a span is 1. 

Fig. 3.  A non-simple p-cycle may protect more than 2 units of traffic 
on a span, and the same set of on-cycle spans may accommodate different 
non-simple p-cycles with different protection capabilities, depending on 
how the backup wavelengths are pre-cross-connected. 
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and thus two units of traffic on (0, 1) can be protected. 
In Fig. 2, the number next to each span indicates the amount 

of traffic units carried on that span, and the cost of adding a 
backup wavelength to each span is 1. In Fig. 2a, two simple 
p-cycles with a total cost of 8 are necessary for 100% span 
protection. If non-simple p-cycle is used, Fig. 2b shows that a 
single non-simple p-cycle is sufficient with a total cost of 6. 
This gives a 25% spare capacity saving. Unlike existing 
observations which attribute such a performance gain to the 
increase of the candidate set size, we would like to point out 
that this is because non-simple p-cycles can better explore mesh 
connectivity of a network than simple p-cycles, due to the more 
flexible protection structure. 

Unlike a simple p-cycle, a non-simple p-cycle may protect 
more than 2 units of traffic on a particular on-cycle or 
straddling span. In Fig. 3a, although spans (0, 1) and (2, 3) are 
both straddling spans, the non-simple p-cycle can protect 4 
units of traffic on (0, 1) as indicated by the four dashed arrows, 
in contrast to 2 units on (2, 3). Notably, a non-simple p-cycle is 
defined not only by its on-cycle spans, but also by its 
pre-cross-connection pattern. Consider the two on-cycle spans 
(0, 4) and (2, 4) in Figs. 3b-3c. The non-simple p-cycle 
pre-cross-connected in Fig. 3b can protect 3 units of traffic on 
(0, 4) and 1 unit on (2, 4). With the same set of on-cycle spans, 
the non-simple p-cycle pre-cross-connected in Fig. 3c can 
protect 1 unit of traffic on (0, 4) but 3 units on (2, 4). This 
example shows that, a non-simple p-cycle cannot be properly 

defined unless we can figure out how the backup wavelengths 
are pre-cross-connected, and different pre-cross-connection 
patterns lead to different non-simple p-cycles with different 
protection capabilities. 

Compared with non-simple p-cycles, p-trails are even more 
flexible in exploring mesh connectivity by removing the cycle 
constraint. As indicated in [11], “an acyclic structure within a 
graph contains no closed path. Both trees and trails are acyclic. 
Trails, as in [1], may exist with loops in their route, but remain 
as acyclic structures, because they are not preconnected at such 
looping points along their route. When unraveled, the trail is 
always a single linear segment with no contained cycles”. 
Based on this, a mistaken understanding on p-trails is that “any 
acyclic structure can provide at most one path for a failure that 
is off the structure itself and none for failures that are on the 
structure itself” [11]. Fig. 4 gives a counterexample where the 
p-trail is pre-cross-connected in a linear structure. It can protect 
2 units of traffic on (0, 4), 1 unit on (0, 1), and so on. In fact, 
p-cycles can be regarded as a special case of p-trails where the 
two trail endpoints collocate. With our earlier analysis (see Fig. 
3), it is easy to see that a p-trail can also protect more than 2 
units of traffic on a particular span. 

Additional benefit of using non-simple p-cycles or p-trails 
can be seen from the example in Fig. 5. If we only allow simple 
p-cycles, five simple p-cycles with a total cost of 18 are 
required for 100% protection, as shown in Fig. 5a. With the 
non-simple p-cycle in Fig. 5b, the required spare capacity can 
be cut down by 33.33% with a cost of 12. In Fig. 5a, each of the 
spans (0, 3), (0, 9) and (3, 9) straddles two different dotted 
p-cycles and thus is not a straddling span of any dotted p-cycle. 
The three spans can only be protected by the two dashed 
p-cycles. But the single non-simple p-cycle in Fig. 5b can 
protect them without any additional cost, because they are now 
straddling spans of the non-simple p-cycle. Note that the dotted 
p-cycles in both figures traverse the same set of spans but with 
different pre-cross-connection patterns at nodes 1 and 6. This 
example shows that, if several (simple or non-simple) p-cycles 
can be merged into a single non-simple p-cycle by rearranging 
the pre-cross-connection at some nodes, the links straddling 
two original p-cycles can be protected by the merged 
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(a) Optimal solution with 5 simple p-cycles (total cost: 18). (b) Optimal solution with 1 non-simple p-cycle (total cost: 12).

Fig. 5.  Advantage of non-simple p-cycles and p-trails on protection capability. 
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non-simple p-cycle. 
The above observations show that non-simple p-cycles and 

p-trails provide higher protection flexibility than simple 
p-cycles. To fully exploit the advantages of non-simple 
p-cycles and p-trails, all the above features must be properly 
considered. To this end, existing work fails to identify those 
distinct features. This motivates us to formulate proper ILPs for 
optimal design of non-simple p-cycles and p-trails, such that we 
can accurately investigate their capacity gain over simple 
p-cycles. Meanwhile, we should not follow the conventional 
two-step approach as the candidate cycle/trail enumeration is a 
formidable task.  

 

III. ILPS FOR NON-SIMPLE P-CYCLE AND P-TRAIL DESIGN 
Without loss of generality, we consider an undirected 

network. Two scenarios are taken into account for comparison: 
a non-simple p-cycle/p-trail can traverse a span at most once 
per direction, or at most once in either direction. To facilitate 
our ILP formulations on both scenarios, we map each span (u, v) 
onto two directed vectors (u, v) and (v, u). If a vector is 
traversed by a p-cycle/p-trail, it is defined as an on-cycle/ 
on-trail vector, and the corresponding span is an on-cycle/ 
on-trail span. By our definition, if a p-cycle/p-trail can traverse 
a span (u, v) at most once per direction, then both vectors (u, v) 
and (v, u) can be an on-cycle vector of this p-cycle/p-trail. 
Otherwise, at most one vector (either (u, v) or (v, u)) can be an 
on-cycle vector.  

A. General Idea 
We first consider non-simple p-cycles. In an ILP formulation, 

non-simple cycles can be defined by requiring each node in the 
network to have an equal number (including zero) of inbound 
and outbound on-cycle vectors incident on it. With this 
definition, multiple disjoint cycles may be generated at a time, 
where two disjoint cycles do not traverse any common node. 
Fig. 6 shows an example of two disjoint cycles, with on-cycle 
vectors indicated by the broad-brush arrows. We call the set of 
disjoint cycles generated from the above definition as a cycle 
set Sj with index j∈{1, 2, …, J}, where J is the maximum 
number of cycle sets allowed in the solution. An on-cycle or 
straddling span of any cycle in Sj is called an on-cycle or 
straddling span of Sj. If a cycle set Sj is chosen to provide 
p-cycles, it can protect all its on-cycle and straddling spans. In 
Fig. 6, span (b, c) straddles two disjoint p-cycles. By our 
definition, it is not a straddling span of Sj and is not protected 
by Sj. For simplicity, we say that a node or span is on Sj if it is 
traversed by any cycle in Sj. 

To determine how many units of traffic on a span (a, b) 
(defined as the target span) can be protected by a particular Sj, 
we carry out a flow-based analysis. In our approach, a vector (u, 
v) can support at most one (unit) flow from node u to node v, 
and all the flows must move along the on-cycle vectors of Sj. 
Let span (a, b) in Fig. 6 be the target span. Our flow-based 
analysis includes two steps. In the first step, we assume a as a 
source and b as a sink. Source a can emanate at most one flow 

onto each of its outbound vectors, but it cannot receive any 
flow. In Fig. 6, source a emanates two flows F1 and F2. F3 does 
not exist because otherwise it will loop back to a. For an 
on-cycle vector (u, v), if u is not the source, a flow on (u, v) 
must come from a previous hop on-cycle vector (t, u). Similarly, 
if node v of an on-cycle vector (u, v) is not the sink, a flow on (u, 
v) must be forwarded to a next hop on-cycle vector (v, w). The 
pre-cross-connection patterns at nodes u and v can be 
formulated accordingly. All flows can only be terminated at 
sink b. In the second step, we assume b as a source and a as a 
sink, and go through the same process above. As shown in Fig. 
6, two (dotted) flows F4 and F5 are found from b to a. Taking 
both steps into account, the non-simple p-cycle in Fig. 6 can 
support four distinct flows F1, F2, F4 and F5 between a and b. 
Note that F4 is on the target span (a, b). If (a, b) fails, the 
number of traffic units on it that can be protected by Sj is 4-1=3, 
with three backup paths indicated by F1, F2 and F5. 

The above flow-based analysis can be extended to p-trail 
design by removing the cycle constraint. Sj is now called a trail 
set. Fig. 7 shows a trail set with two disjoint p-trails. The p-trail 
traversing node h (head) and node t (tail) is an open trail, and 
the other p-trail is a closed trail (i.e., a cycle). In fact, any node 
on a closed trail (e.g., node d in Fig. 7) can be regarded as both 
the head and the tail of the p-trail. After the cycle constraint is 
removed, p-trails can be properly formulated with the same 
two-step approach based on the flow conservation principle at 
each node (except the source and the sink).  

Consider the target span (a, b) in Fig. 7. To determine the 
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number of traffic units on it that can be protected by Sj, we 
assume a as a source and b as a sink, and vice versa. Among the 
three possible flows F1, F2 and F3 in Fig. 7, only F2 can exist. 
Otherwise, either F1 generated by a will loop back to a, or F3 
generated by b will violate flow conservation at t and cannot be 
terminated at node a. As a result, Sj can protect one unit of 
traffic on (a, b), with the backup path indicated by F2. If (c, d) 
in Fig. 7 is considered, no flow can exist between nodes c and d, 
and thus span (c, d) cannot be protected by Sj. 

In Fig. 7, vector (h, a) is not pre-cross-connected to any 
vector at head h, and vector (c, t) is not pre-cross-connected to 
any vector at tail t. It is different from the p-cycle scenario, 
where any on-cycle vector must be pre-cross-connected to 
another on-cycle vector at both end nodes. This complicates 
our formulation on the pre-cross-connection at the head/tail of 
the p-trail. To tackle this issue, we formulate the 
pre-cross-connection based on flows instead of vectors. 
Specifically, if there is a flow on an on-trail vector (u, v) and v 
is not the sink, then (u, v) must be pre-cross-connected to 
another vector (v, w) at node v, and the flow must be forwarded 
to (v, w). Similarly, if there is a flow on (u, v) and u is not the 
source, then (u, v) must be pre-cross-connected to another 
on-trail vector (t, u) at node u, and the flow must come from (t, 
u). Based on flow F2 in Fig. 7 (with source a and sink b), we can 
determine that on-trail vector (a, u) is pre-cross-connected to (u, 
v) at node u, and (u, v) is pre-cross-connected to (v, b) at node v. 
Note that the pre-cross-connection at other nodes of the p-trail 
is not determined from F2. In fact, the pre-cross-connection at 
other nodes can be determined from other flows when we 
consider other target spans. In the extreme case, if (h, t) is the 
target span and a flow exists on the p-trail from h to t, the 
pre-cross-connection at all nodes on this p-trail can be 
determined based on this flow. 

B. Notation List 
J: The maximum number of cycle/trail sets Sj in the solution. 
j: Sj index where j∈{1, 2, …, J}. 

E: The set of all the vectors. Each span (u, v) in the network is 
mapped onto two directed vectors (u, v) and (v, u). 

V: The set of all the nodes in the network. 
cuv: The cost of adding a backup wavelength to span (u, v). 

Either hop-count or distance related cost can be used as 
the cost metric and cuv=cvu. 

L: Predefined hop-count/length limit of each p-cycle/p-trail. 
duv: Traffic load on span (u, v) and duv=dvu. 

j
uve : Binary variable. It takes 1 if a vector (u, v)∈E is an 

on-cycle/on-trail vector in Sj, and 0 otherwise. 
j

uvwp : Binary variable. It takes 1 if the backup wavelengths on 
two on-cycle/on-trail vectors (u, v) and (v, w) are 
pre-cross-connected in Sj, and 0 otherwise. 

j
abuvf : Binary variable. Assume span (a, b) is the target span with 

source a and sink b. It takes 1 if there is a flow on vector (u, 
v)∈E in Sj, and 0 otherwise. Note that j

bauvf  assumes 

node b as the source and node a as the sink. 

C. ILP Formulation for Non-Simple p-Cycle Design 
For a network with given traffic load duv and cost cuv on each 

span (u, v), a p-cycle solution for 100% protection against any 
single span failure can be generated by the ILP below. It allows 
non-simple p-cycles. 
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Objective (1) aims at minimizing the total cost of all 

p-cycles/cycle sets. Constraint (2) requires all flows to move on 
the on-cycle vectors. For a target span (a, b) in Sj with source a 
and sink b, constraint (3) prevents source a from receiving any 
flow. Constraint (4) means that, if vector (u, v) is 
pre-cross-connected to another vector (v, w) and node v is not 
the source a or the sink b, then a flow on (u, v) must be 
forwarded to (v, w). This constraint also allows the flows to be 
generated at source a and terminated at sink b. Based on our 
two-step flow-based analysis, constraint (5) ensures 100% span 
protection. Constraint (6) specifies that a vector (u, v) can be 
pre-cross-connected to at most one vector (v, w) at node v. 
Similarly, constraint (7) specifies that a vector (u, v) can be 
pre-cross-connected to at most one vector (t, u) at node u. 
Constraint (8) indicates that vectors (u, v) and (v, w) can be 
pre-cross-connected only if both of them are on-cycle vectors. 
Constraint (9) defines Sj by requiring each node in the network 
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to have an equal number of inbound and outbound on-cycle 
vectors incident on it. Finally, constraint (10) says that any 
on-cycle vector (u, v) must be pre-cross-connected to another 
on-cycle vector (v, w) at node v. 

The ILP formulated in (1)-(10) allows a p-cycle to traverse a 
span at most once per direction. This is because both ej

uv and 
ej

vu of a span (u, v) may take 1 at the same time, and it is 
possible that u=w for the pre-cross-connection variable pj

uvw. If 
we only allow a p-cycle to traverse any span at most once in 
either direction, we can add constraint (11) below. 

1≤+ j
vu

j
uv ee ,       

E∈∀ ),( vu , j∀ ;                                   (11) 
Assume J is predefined large enough. The following constraint 
(12) can impose a hop-count or length limit L on each p-cycle.  

Lec
Evu

j
uvuv ≤∑

∈),(

,       

j∀ ;                                                       (12) 

D. ILP Formulation for p-Trail Design 
In p-trail design, we remove the cycle constraint (9). At the 

same time, constraint (10) is replaced by the following two 
constraints (13) & (14). In other words, our ILP for p-trail 
design includes (1)-(8) and (13)-(14). 

∑
∈

≤
E),( wv

j
uvw

j
abuv pf ,   

bvvuba ≠∈∀ :),(),,( E , j∀ ;                  (13) 

∑
∈

≤
E),( ut

j
tuv

j
abuv pf ,    

auvuba ≠∈∀ :),(),,( E , j∀ ;                    (14) 
Of course, constraint (11) can be included to require that a span 
is traversed at most once in either direction, and constraint (12) 
can be used to limit the hop-count or length of each p-trail.  

Note that a p-trail may have separate head and tail where the 
p-trail terminates instead of being pre-cross-connected to 
another vector. To avoid distinguishing head and tail from 
other nodes on the p-trail, we formulate the pre-cross- 
connection based on flows as in (13)-(14). Constraint (13) says 
that, if there is a flow on (u, v)∈E and v is not the sink b, then 
(u, v) must be pre-cross-connected to another vector (v, w) at 
node v. Similarly, constraint (14) says that, if there is a flow on 
(u, v)∈E and u is not the source a, then (u, v) must be 
pre-cross-connected to another vector (t, u) at node u. 

E. Discussion 
In our ILPs, generally we need to set J large enough and the 

solution may contain less cycle or trail sets. If J is too small, the 
ILP may not be able to find a feasible solution, or the optimality 
of the solution cannot be ensured. But a larger J means more 
ILP variables which slow down the optimization process. Fig. 8 
shows an example of how the ILP running time can be affected 
by the value of J, where we can also see that the ILP running 
time for non-simple p-cycle/p-trail design is greatly larger than 
that for simple p-cycle design. Note that the simple p-cycle 
solutions in this paper are obtained using the ILP in [8] (instead 

of the one in [2]). Besides, a proper value of J for non-simple 
p-cycle and p-trail design can be predefined in the same way as 
in [8]. It is only slightly smaller than that for simple p-cycle 
design [8]. Although a non-simple p-cycle/p-trail may protect 
more working capacity units on some spans, such spans are 
only a small part of all the spans protected, whereas for most 
spans the non-simple p-cycle or p-trail provides the same 
protection capability as a simple p-cycle. 

 

IV. NUMERICAL RESULTS AND DISCUSSIONS 
We use hop-count as the span cost metric for all the 

examples (i.e., cuv=1 for each span (u, v)). The ILPs are 
implemented using ILOG CPLEX 11.0 on a server with 3GHz 
Intel Xeon CPU 5160. To carry out accurate comparison 
among simple, non-simple p-cycles and p-trails, all the ILP 
problems are solved to generate optimal solutions.  

We first consider the network in Fig. 9, where a number next 
to each span indicates the amount of traffic units on that span 
(same for other examples). Though we use directed vectors to 
facilitate our ILP formulations, the direction of the vectors is 
not important in an undirected network and is thus ignored. Fig. 
9a gives a simple p-cycle solution obtained using the cycle 
exclusion based ILP in [8]. Figs. 9b & 9c give two non-simple 
p-cycle solutions, and Figs. 9d & 9e provide two p-trail 
solutions. In particular, we allow a non-simple p-cycle/p-trail to 
traverse a span at most once (in either direction) in Figs. 9b & 
9d, and at most twice (once per direction) in Figs. 9c & 9e. Fig. 
9f summarizes the results. We can see that the non-simple 
p-cycle solutions in Figs. 9b & 9c are more capacity-efficient 
than the simple p-cycle solution in Fig. 9a. By allowing a span 
to be traversed twice, a solution better than Fig. 9b is obtained 
in Fig. 9c. Similar observations can be obtained from Figs. 9d 
& 9e, where the p-trail solutions achieve better capacity 
efficiency than the non-simple p-cycle solutions in Figs. 9b & 
9c. Compared with the simple p-cycle solution in Fig. 9a, the 
p-trail solution in Fig. 9e saves 22.22% spare capacity. 

In Figs. 9c & 9e, span (0, 9) is traversed twice. We notice 
that the traffic load on (0, 9) is 0. Otherwise the solid p-cycle in 
Fig. 9c or the solid p-trail in Fig. 9e will not be able to protect 
the traffic on span (0, 9) (but the solid p-cycle/p-trail in Figs. 9b 
& 9d will). In our experiments, we also set positive integers as 

Solution Link traversal times Total cost Running time 

Once per direction 

Once per direction 

Simple p-cycle 

Non-simple 
p-cycle 

Once 

Once 

Once 
p-trail

13 

12 

12 

11 

11 

619.72 sec

1.73 sec

1972.08 sec

1117.28 sec

2532.64 sec

Fig. 8.  ILP running time for the network in Fig. 10 with J=5. 
As compared with Fig. 10d (J=2), a larger value of J leads to a 
much longer ILP running time. Meanwhile, optimal solutions are 
ensured as long as J is larger than the necessary number of 
p-cycles/p-trails. 



 
 

7

the traffic load on span (0, 9). It turns out that the capacity gain 
due to non-simple p-cycles and p-trails will be diminished in 
this case. In fact, allowing a p-cycle/p-trail to traverse a span 
multiple times can lead to higher design flexibility, but it also 
leads to several drawbacks: 1) multiple units of backup 
wavelengths are required on the span, which will be disrupted 
at the same time if the span fails. As a result, the p-cycle/p-trail 
will be broken into multiple pre-cross-connected segments 
which cannot protect any traffic on the failed span; 2) 
additional wavelength converters may be required to support 
multiple traversal times on a particular span, which will 
increase both the network cost and the management efforts; and 
3) allowing multiple traversal times on a span will dramatically 
increase the ILP running time, as shown in Fig. 9f (and also 
other examples presented later). In fact, for simplicity of the 
performance comparison, we have ignored the cost of 
additional wavelength converters in the ILPs. Otherwise the 
ILPs will be more complex with much longer running time. 

Fig. 10 shows another example. With the solid simple 
p-cycle in Fig. 10a, one unit of traffic on spans (0, 4), (3, 6), (6, 
7), (5, 7) and two units of traffic on span (5, 6) are still 
unprotected. As a result, the dashed simple p-cycle is required 
for 100% span protection. In contrast, the solid non-simple 
p-cycle in Fig. 10b can better explore mesh connectivity of the 
network, and it only leaves one unit of unprotected traffic on 

span (5, 6). Under the cycle constraint, an additional dashed 
p-cycle in Fig. 10b is required for 100% span protection. The 
p-trail solution in Fig. 10c only needs a (dashed) backup path 
by removing the cycle constraint. Fig. 10d summarizes our 
experiments, where the capacity efficiency is not improved at 
all by allowing a p-cycle/p-trail to traverse a span twice (once 
per direction). On the other hand, Fig. 10d reinforces our earlier 
observation that the ILP running time will be increased if we 
allow multiple traversal times on the spans. Note that our ILPs 
do not allow a span (u, v) to be traversed twice in the same 
direction. Otherwise the two vectors on span (u, v) cannot be 
distinguished by ej

uv and ej
vu. The same issue exists if a span is 

allowed to be traversed more than twice. Though our approach 
can be extended to such more complex scenarios, they are not 
considered in this paper due to the ILP complexity and the 
marginal spare capacity saving.  

So far we have shown multiple examples where non-simple 
p-cycles and p-trails can lead to significant spare capacity 
saving. In those examples, both the network size and the traffic 
load on each span are small. An important concern is whether 
non-simple p-cycles and p-trails can keep their superior 
performance as network size and traffic load increase. To 
address this issue, we randomly generate various networks with 
different topologies and traffic loads, and then use our ILPs to 
find the corresponding optimal solutions. Due to the 
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(d) p-trail solution with each span 
traversed at most once by each p-trail. 
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(e) p-trail solution with each span traversed 
at most once per direction by each p-trail. 
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(a) Simple p-cycle solution. 
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(b) Non-simple p-cycle solution with each 
span traversed at most once by each p-cycle. 
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(c) Non-simple p-cycle solution with each span 
traversed at most once per direction by each p-cycle. 

Fig.  Running time Total cost 

(b)             17                246.95 sec 

(a)             18                  1.11 sec 

(c)             15               1004.19 sec 

(d)             15                 472.59 sec 

(e)             14                 941.20 sec 

(f) Comparison (J=2). 

Fig.9.  ILP solutions for a simple network based on different fast protection schemes (J=2). 
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complexity of non-simple p-cycle/p-trail design and the 
limitation of the currently available computation capability, 
optimal solutions can be obtained in reasonable running time 
only for those networks with small or medium network size 
(less than 30 nodes) and traffic load (J≤10). In our experiments, 
we find that the capacity gain due to non-simple p-cycles and 
p-trails becomes marginal (or no gain at all for most tests) as 
network size and traffic load increase, even though we have 
fully exploited the potential benefits of non-simple p-cycles 
and p-trails by considering those distinct features presented in 
Section II. Fig. 11 gives an example where the network 
topology is the same as that in Fig. 10 but the traffic load on 
each span is doubled. Unlike Fig. 10 where a significant spare 
capacity saving due to non-simple p-cycles/p-trails can be 
observed, Fig. 11c indicates that all the solutions require the 
same amount of spare capacity (i.e., total cost) of 22 for 100% 
span protection, no matter whether the solution is based on 
simple or non-simple p-cycles, or p-trails. It also does not 
matter whether we allow a span to be traversed by a 
p-cycle/p-trail at most once (see Fig. 11a), or at most once per 
direction (see Fig. 11b). Note that the examples reported are 
only typical ones for illustrating our key points, whereas 

various other examples with similar observations can be 
reproduced by solving the ILPs formulated in this paper. Based 
on our experiments, non-simple p-cycles and p-trails can lead 
to significant spare capacity saving for some networks with 
small network size and light traffic load, but generally the gain 
over the corresponding simple p-cycle solutions becomes 
trivial as network size and traffic load increase.  

A careful study based on the above observations reveals that 
each of the protection structures (simple p-cycle, non-simple 
p-cycle and p-trail) has its own pros and cons. In particular, a 
simple p-cycle has a much simpler structure of optical 
pre-cross-connection than a non-simple p-cycle or p-trail, and 
thus inherently intends to require less amount of spare capacity. 
But it is subject to the cycle constraint, and cannot explore 
mesh connectivity as flexibly as a non-simple p-cycle or p-trail 
does. On the other hand, a non-simple p-cycle or p-trail may 
protect more than two units of working capacity on some spans. 
This is generally due to its more complex optical 
pre-cross-connection, which inherently intends to consume 
more spare capacity. In addition, those spans with more traffic 
units protected are only a small part of all the spans protected 
by the non-simple p-cycle/p-trail, and thus non-simple 
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(a) Simple p-cycle solution. (b) Non-simple p-cycle solution. 

(c) p-trail solution. 

Solution Link traversal times Total cost Running time 

Once per direction 

Once per direction 

Simple p-cycle 

Non-simple
p-cycle 

Once 

Once 

Once 
p-trail

13 

12 

12 

11 

11 

81.33 sec

0.17 sec

177.42 sec

128.73 sec

202.56 sec

(d) Comparison (J=2). 

Fig. 10.  An example where allowing multiple traversal times on the spans does not improve the solution quality. 
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p-cycle/p-trail can gain only little from this distinct feature. 
Although non-simple p-cycles and p-trails can better explore 
mesh connectivity of a network and thus may lead to some 
spare capacity saving, this effect generally becomes marginal in 
a practical network with a moderate average nodal degree. 
Instead, if the network size is small (as in Fig. 2) or the network 
nodes are sparsely connected (as in Fig. 5), then non-simple 
p-cycles and p-trails may achieve a quite significant capacity 
gain, because the flexibility of using simple p-cycles is greatly 
limited in this case. Besides, as the traffic loads increase, more 

p-cycles or p-trails are required for 100% span protection. For a 
simple p-cycle solution, a larger number of required p-cycles 
implies more flexibility in a combinatorial sense to minimize 
the required spare capacity. This explains why the capacity gain 
due to non-simple p-cycles and p-trails becomes marginal as 
the traffic load increases. 

 

V. CONCLUSION 
The paper investigated non-simple p-cycles and p-trails by 

identifying their distinct features which have never been 
explored in previous studies. We formulated a set of optimal 
ILP models for non-simple p-cycle and p-trail design. Our ILP 
models are characterized by removing candidate cycle/trail 
enumeration and taking all the identified features of non-simple 
p-cycles and p-trails into account, where a true optimal design 
can be achieved. Numerical results showed that in some 
small-size and lightly-loaded networks, non-simple p-cycles 
and p-trails can yield significant spare capacity saving over 
simple p-cycles, but the capacity gain is generally trivial as 
network size and traffic load increase. By analyzing optimal 
ILP solutions obtained in various networks, we also provided 
in-depth insights to explain our findings.  
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Fig. 11.  Doubling the traffic load on each span in Fig. 9 
makes all the p-cycle/p-trail solutions with the same total cost. 
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(b) Optimal solution with each span traversed at most 
once per direction by a p-cycle/p-trail. 

Solution Link traversal times Total cost Running time 

Once per direction 

Once per direction 

Simple p-cycle 

Non-simple 
p-cycle 

Once 

Once 

Once 
p-trail 

22 

22 

22 

22 

22 

579.56 sec

0.63 sec

 5075.02 sec

 4031.22 sec

 41951.63 sec

(c) Summary of the experiment with J=5. 

0 

1 

7 

6 

5 

43 2 2 

2 
2 

2 2 

2 
2 

2 

2 

4 
4 

4 

6 

4 

(a) Optimal solution with each span traversed at most 
once by a p-cycle/p-trail. 
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