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Abstract: This paper aims at the topological structure of traditional Ad Hoc netwa#teh) proposes an original multi-path network
model which based on graph theory analysis. On this foundation, limegrgm theory is used to optimize this model, take analysis
and solution. Then, the resulting conclusion is used to select the multi-pathgof practical Ad Hoc Networks, this paper takes the
each link's average packet delay of and node’s bandwidth as the oatiomzbjective, to design and analyse the routing protocol.
On this basis, this paper proposes a multi-path routing algorithm which swgefeeral Ad Hoc or wireless sensor network, and we
establish an integrity source-destination multi-path routing protocol. Simulegguits show that this method has 30% performance
gain compare with traditional single-path routing, and has good adaptabititpetwork performance.
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1 Introduction the specific control of data grouping transmission
time-delay and packets sequence problem, the receiver

Routing protocols are key technologies for mobile ad hocmust have a large buffer to wait for all data arrived, then it
networks. At present, there are a variety routing protocolscan transmit data to the next node. Referen€es( 11]
which based on network topology information used in Ad proposed a heuristic multipath routing protocol, this
Hoc network, such as DSDV, DSR, AODW,P]. But algorithm searched for the maximum flow paths
these are all single path routing protocols, the wirelesscollection in the network, and then found the shortest path
channel bandwidth is limited, it is easily to cause networkin this collection, it solved the problem of bandwidth
congestion, increase time-delay, especially undesitpabil allocation, but did not consider the time-delay problem.
in transfer some video multimedia service. References 12,13,14] focused on the “cross-layer

In some video multimedia service applications, the optimization” strategies with the OSI level, for example,
nodes of Ad Hoc network need to play video we can accord the video transmission characteristics, use
uninterrupted, smooth, which require a high demand withvideo decoding, error control, routing protocol design and
the network quality of service (Quality of Service, QoS), other methods to optimize the system from application
but in Ad Hoc networks, due to the inherent layer to physical layer.
characteristics of wireless links, the bandwidth is snnalle Multi-path transmission has better flexibility than
than wired link. Meanwhile there is no central node in Ad single path transmission, it can avoid congestion, ineeas
Hoc network, the nodes mobility may cause networkthe utilization of network 15]. Some research suggest
circuit frequently, which is unacceptable for some that multi-path transmission obviously improve the video
real-time video servicesJ[4,5]. quality. [16] aimed at multi-path video transmission in Ad

Aim at these problems, there are a lot of researchHoc wireless network, simply used the multiple paths
proposing multi-path algorithms, and they had done a lotfrom the perspective of video coding, but it did not
of QoS guarantee about the bandwidth and time-delaytesearch about packets scheduling on multiple path, lead
References €,7,8] proposed a multi-path scheme, the the receiver packets reordering, time-delay was long, the
main idea is via once probe, it can find a number ofbuffer required larger and some such issug§. [
disjoint paths to improve the traditional single path’s To sum up the past Ad Hoc network multi-path
shortage. However, the above algorithms do not considerouting algorithms, it is generally existed the following
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two questions: First, parallel transmitting data generate
the disorder packets; Second, it is difficult to deploy the
network. For the disorder packets probleitg|[used the
TCP retransmission and recovery mechanisms to take
some improvement, and it should establish a
pre-estimation model for the three ACK repeats response
packets. 19 used a single link list to present the disorder
which the multi-path generated, and it also improved the
TCP protocol that the handshake can support the multiple
path negotiation. 0] modified the TCP’s Reno .
congestion control algorithm, it used a central controller Fig. 1: graph theory model

to schedule all parallel multi-path parameters, trangaitt

packets from a total queue to the available paths, while

each available path need to build a virtual retransmission

gueue, and the receiver's response data must follow the (N

same path to feedback. Referenc2s 22,23 designed a minF (x) = Zl > dijrij 1)
hybrid retransmission strategy, which distinguished the i=1j=1

2 Receiver

fast retransmission and time-out retransmission, it sent

the fast retransmission packets along the original path, S-LZ“J =S vi=12.. @

and sent the time-out retransmission packets to the .

alternate route. Zrij =C; Vvj=12..3 3
Before this paper’'s research, we do some premises I

work, such as following: Let's suppose that each node Xj>0 Vi @)

working in half duplex mode, the channel is time slot In addit that th dina fl q -
allocated. The transmission time slot is organized by, 2ddiion, weassume that the sending flow and receiving

frame. each frame contains a fixed time slots number. andOW are equal, that is non-error transmission. It is content
X ; e following constraints:

the entire network is synchronous, each frame is divide
into two phases: control phase and data phase. The time 23 = z R (5)
slot in control phase is much smaller than the data phase. | ]

Control phase is used to realize all control functions, e.g.Eq (1) is the path chosen criterion. From the graph

handshake protocol, routing selective and so on. The tim : B
slot in data phase is allocated according to the bandwidt@eory’ Egs. %) and @) havel x Jvariables offij, have

requirement. The control phase uses a common frequency. - > _hl) conztralntd _eqqatflons,ﬁ_m_ the'l'r’ Co?ﬁ'c'em
fo , each nodes take turns to broadcast their information atrix, t '€ numberand| -+ jor coe _|9|entr.1 S column
) ) : . vectorR; is 1, and the rest is 0, that is:
to the neighbour in the pre-defined time slot, so the J
network cc_)ntrol function is distributed. At the same time, Rj=(0---1.--1. ..O)T —6+6,] (6)
for the disorder problem, we use the source node
scheduling scheme, which control all the parallel Where,e = (0,0---1,0---0)"1 is on the positior. From
multipath parameters. We use the source node which likéhe directed graph’s coefficient matrix, we can know that
a "total queue” send packets to the available path, thighere onlyl +J — lvariables has non-zero value on the
method can ensure that the destination node can assembdtimal solution, the other variables are zero. In other
the grouping data into an original packet correctly. words, in this graph, only +J —1arcs have flow, that is
the ultimate optimal solution obtained multiple path
collection. (specific process is in section 3). From the
above analysis, the problem is transformed into this:
2 System Model when noded transmit data to node} we should design
| +J— 1paths as the multi-path routing, the grouping data
packets can transmit data according with this multiple
Let's abstract the network model to be a graph, the systenmoutes, so it can optimize the network performance, save
model is shown in Fig.1. In Ad Hoc network, we assume the energy consumption and other purposes. Before the
that there has$ senders transmitting data doeceivers in  specific calculation procedure, each node exchanges
the node’s one hop range, moreoverl, j € J, the target  information through the MAC protocol
is choosing multi-path routes which could transmit the (RTS\CTS\DATA\ACK), and get the average time-delay
data packets as grouping multi-path manner to thedj of each link and the node’s bandwidth resource
receiversj, order the total sending flow iSj, the total  information r;j;, so they can serve as the EQd)$
receivers receiving flow i<€j; set the link time-delay parameters, simultaneous those equations, use the linear
(from ito j) is djj, the bandwidth isrj;. System model programming theory to calculate the minimum value of
functions are as follow: objective functiorminF (x).
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3 Algorithm Description Node’s penalty value calculation:
For the sender node, the notke penalty valuep; =
3.1 Searching multi-path |dis — dis |, wheredis = min{d;; }.ds = min{di; };

o _ For the receiver node, the nodepenalty valuep; =
For the above system model, we consider it from the View|d, — d,/;|, whered; = min{d;j }, dv/; = min{di}.
point of linear programming, Ed) has onlyl +J—1 l i
solutions in the optimal solution. Intuitively, in the final The following example illustrates this solving process.
multi-path routing, onlyl +J — larcs has data flow. This Fig.2 contains four senders and three receivers, each
characteristic is the foundation of these researchnode’s flowrijis shown in the figure, the arc is marked the
problems, now we give the algorithm steps: weightd;j. The target is determining a set of multi-path

Step one: Initialize the only+J — 1 arcs has data flow routing to make the network consumption minimum.
as an initial feasible solution.

Step two: Check whether it can improve the solution
by increasing a certain empty arc. If not, stop the
operation, else, continue.

Step three: On the condition of constraint equations,
decide how much flow can be arranged to the empty arc.

Step four: Adjust the other arcs’ flow, update the
network and go to the step two.

In the above algorithm implementing process, it
always keeps$ +J — 1 arcs have data flow, these arcs are
“foundation arcs” which corresponding to the linear
programming (Lp)'s “foundation variables”. When the
second step determines to increase one empty arc, the
fourth step must remove one original foundation arc, that
is—one arc enters, one arc leaves.

The first step. The process of checking network arc’s
flow. The inspection process of &ficj) is:

(1) if § <C;j, this means the total sending flow is less  apje 1 shows the node’s "penalty value”. As can be
than the receiving, the§ will be arranged into ar_@, i), seen from the table, node 4 has the highest penalty, and
remove node and the arcs which lead from nodeand  there has three arcs send out from node 4, (4,7) is the
updateCj =C;j —S. minimum cost, so the arc (4,7) is first checked. The

() if § > Cj, thenC; will be arranged into ar¢i, j),  continuous node’s calculating and arcs checked are
remove nodej and the arcs which point to node and  gjmilar with the node 4.

updateS = § —C;.
(3) if § =C;j, thenS will be arranged into ar¢i, j),
remove node and the arcs which lead from nodeand

Fig. 2. The network topology structure

remove nodg and the arcs which point to node Table 1: node’s "penalty value”

A Ink tge. process of a;bo;/e .tinzpfctioln, wr;ﬁ ig f;rslt sender 1 2 3 4
checked is very important, it determines the initia enalty value 5 3 1 -
feasible solution is good or bad, when the algorithm P ,r} B
executes only one sender and one receiver, it can b IECEIVEr 5 6 /
stopped. At this moment, if the network lefts only one penalty value 4 1 |

sender, we arrange its all data flow on the corresponding,
arcs according to the receivers required flow, if the
network lefts only one receiver, we assign all the senders
surplus flow to it. Fig.3 shows the solution process.
An effective checking arc’'s sequence is called ”

penalty” method. This method assigns each node a The initial feasible solution is summarized in Fig.4,
penalty value first, then the maximum nodes’ penalty isthe arcs that does not draw are empty arc.
selected. If the node is a sender, e.g. nddelet
min{d;; } = dis's arc(i,s) first be checked; If the node is a The second step. The arc which enter the “foundation

) arcs” should make the objective function value improved.
An effective way of determining what kind arc can enter
checked. One arc is checked over, we update the networkhe “foundation arcs” is to investigate the constraint Egs.
and then recalculate the nodes’ penalty value, till lefyonl (2) ~ (3)’s dual variables. Let's assume the Eqg) &
one sender or receiver. (3)’s dual variables ar¢u;} and{A;}. Then the objective

receiver, e.g. nod¢ let min{d;;} = d;'s arc(r, j) first be
i
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S1=80 120 ) number of(l +J — 1), while the unknown variableéu; }
OSIR5=90  §1=80 ”3’0“&0\0 and {A;} have number of(l +J), so it must set an
$2=80 2(3)0 54 R3=90 arbitrary value (such as set=0) to the one of the
OHLRG-100  $2-80 2(3)0 6RO 100 unknown variables, the other unknown variables will be
$3=120 31O LRI10 st determined as independent, the value of dual variables are
,Q/m <% SSR0N0 o Roese confirmed as follows:
S4-120 470"
u=-5
{a} 0] Ag=—2
* [U1=0]—>[/\5:—l] |:)\$ ]—> uz=4
O5i4) R5-10 (4) R5=10 us =6
$2-80 2(3) ‘Q/OS . ,
O\CP O6(1)RE6=100  §3=120 3[]}C<U(}--Oﬁ|l]]{f| 100 Then we can calculate the “residual costs” of all
$3-120 31O 4 non-foundation arcs, as shown in Table 2, the "residual
701y R7=90 a\om: R7-10 costs” of arc (1,7) is negative, so it can enter the

(a}

(b)

foundation arcs, till to now, the algorithm’s second step is

, . _— . . completed.
Fig. 3: The process of solving the initial feasible solution
1 % Table 2: “residual costs” of all non-foundation arcs
to 5 6 7
2 from
%m/"'c} 1 4 2
3 2 11 8
3
4 Ct-—f"" 4 11 14
Fig. 4: The initial feasible solution (foundation arcs)
functionF (x)’s minimum conditions are: |
(dij —u —Ai)xj =0 )
d" - U| A| > 0 (8) %
In fact, the algorithm’s target is to find a soluti¢r} that
can satisfy the Eqs7) ~ (8), make the(l +J — 1) arcs 4

have flow, and they are foundation arcs, while the(left-

| —J+1) arcs are empty. Obviously for the foundation
arcs, Egs.7) ~ (8) should satisfyx; > 0, thend;j — u;

Ai = 0O; for the non-foundation arcs, due to the iteration
has not reached the optimum, Eg8) & (8) are remain
not satisfied, then,

Fig. 5: Non-foundation arc enter into the foundatién

The third step. This step is to determine how much
flow should be arranged into the entered foundation arcs,
and which arc should be get away from the foundation
arcs (the flow turn into zero). It can search a "closed
chain” which contains the entered foundation arcs to
achieve this target. In the undirected graph which consists
with foundation arcs and prepares to enter the foundation
arcs, the "closed chain” is the closed arcs sequence which

e =0y —u—A <0 )

Wheregy is the "residual cost”, if part of the foundation
arcs transfer into the aid, 1), orderry > 0, thengg < O,
and this is not violated Eqs7) ~ (8) conditions, then the
iteration stride forward the optimal sc_)lut|on. If the onsisted with this undirected graph’s edge.

"residual cost” has more than one arc, it could random  Aq shown in Fig.6, the "closed chain” which contains
choose one arc into the foundation arcs. If the arc which,, (1,7) is indicated by the solid line, they contain the
content Eq9) does not exist, the iteration can be stopped,nodes 1537,

it means we have already found the optimal solution. When the "closed chain” is found, if the arc (1,7)

In order to calculate the "residual costs”, we MUStjy reases the flow, then its adjacent arcs flow have to
know all dual variablegu;} and{A;}. For the foundation

arcs,rij > 0, thend;j = u; + A;, like this equations have

1 Note: The solid line means get into the foundation arcs
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40
4 O 4 O"/-’ -
Fig. 6. “closed chain” schematic diagram Fig. 8. The result of linear programming algorithm

reduce, this relationship always set up in the adjacent arcg o Dynamic parameters
According to this principle, we mark all "closed chain”

arcs with signsi> means the arc should increase fl@, pased on the above algorithm, now we use it into the

means the arc should reduce flow. __multi-hop network, the aim is to find +J — 1)paths in
Now we arrange the flow that entered the foundation| | jnodes, and choose one route which make the

arc (2, 4), it should be the minimum value which marked objective function F(x)’s value smallest. From
with @ arcs in the existing flow, in Fig.6, this value is I

min{10,80} = 10. So the flow of arc (1,7) flow will minF(x) = ¥ ¥ dijrij, if we get the average link
increase from 0 to 10, the flow of arc (1,5) will reduce 1

i=1j=
from 80 to 70, the flow of arc (3,5) will increase from 10 time-delay and each node’s bandwidth, take them as the
to 20, while the flow of arc (3, 7) will reduce from 10 to

parameters of EdL], then we can find the optimal route.
0, and it is arranged out of the foundation arcs. Parameter one: time-delay. For a single node in the

Ad hoc network, time-delay is from the data stream'’s
queuing delay, processing delay, transmission delay and
so on. For a single packet, queuing delay is influenced by
the network congestion, while the processing delay and
transmission delay are more fixed. From the queuing
theory, we know that nodes receiving and sending data
could use MarkovM/M/1 service model to analyse.
According to Little formula, the average time-delay of
data packets is given as follow:

A
TRy 4o

Where, A is the packet arrival ratep is the packet
transmission rate, ang > A. Eq.(L0) is generally used in
wired network, because the nodes in wired network are
fourth step of this algorithm. In this step, only one arc Node uses the same wireless channel, they will be
enter into the foundation arcs, one arc exit out theinterference with each other, here we need to introduce a

number always had +J — 1) in the iteration process. Go Will replace the Eq10)'s u.

to the step two, the calculated dual variables and “residual  Definition 1:

cost” are shown in Fig.7, because all of the "residual p=B-A (11)

cost” are positive value at this moment, so the algorithmtpen the average time-delay of the packet is:

can be stopped, and Fig.7 is the optimal solution. The

corresponding objective function value is A B

minF (x) = —320. D= hE-a A<
The same topological structure, [9] which used the

linear programming algorithm get the foundation arcs isParameter two: bandwidth. In the process of Ad Hoc

shown in Fig.8, the corresponding objective function Network’s video service transmission, to guarantee QoS

value is mirF (x) = —310. Thus it can be seen that this requirements, the most important thing is how to calculate

paper’'s algorithm has some improvement in networkand set aside the available bandwidth. In order to

time-delay and bandwidth consumption. calculate the bandwidth restrict route, it is not only to

Fig. 7. optimal solution (multi-path routing result)

(12)
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know each link’s available bandwidth, but also to know 4 Source-destination route establishment

how to schedule these bandwidth. Resource scheduling is

described in the multi-path routing design section, hereEq.(17) is generally used for theoretical analysis, it

we use the leisure time-slots to measure each link'sorovides the basis of choosing routes. Actually, the

available bandwidth. Before introducing the bandwidth, average time-delay of Ad Hoc network has some

let's do the definition of following variables: deviation with Eq.[7). According to Eq.l7), it is
Definition 2: the hidden terminal and exposed terminalimprecise to distribute the dynamic flow. so we present an

bring about the packets collision problem can be shown agdaptive flow distribution algorithm which suit for the

the conflict graph, we import the conflict limited function practical network, then take resource consumption as the

conflict(i, j,t), 1 means the linkandj have conflicted at ~ direct target. Because the path time-delay and bandwidth

time-slott, otherwise it equals O. resources can be measured through the Internet Control
) Message Protocol (ICMP)'s Packet Internet Grope
conflict(i, j,t) = 1 if clash 3)  (PING) function, so we multiply these two parameters as
0 dse the flow distribution criterion, achieve the total flow’s

dynamic allocation in the multi-path. We according to the
above multi-path algorithm and the actual characteristics
of mobile multi-hop network, present the following
source-destination route establishment process:

Step 1, start the initial state, as shown in Fig.9, the
source nodeS broadcasts the grouping data packets,
transmit them to thé nodes within one hop range, set the
allocation factomy o = L/I, | is the path numbet, is the
total flow of source.

We colour the time axis to indicate conflict and
non-conflict time slots, which constitute a packets
collision collection. In this collection, packets are not
conflicted, and they can be transmitted; for the conflict
packets, here we use traditional binary backoff algorithm
to retransmit the packets. For this reason, welsel is
the timet’s conflict(i, j,t) collection before the definition
3, it presents the packets collision collection of certain
moment on the time axis.

Definition 3:

1 if true
IX:{O dse (14)

Where, symbolic functionly is imported, 1 means the
constraint condition is true, otherwise it equals 0. The
constraint condition refers to the time slot which
conflict(i, j,t) = O in the link collectionL(t) at the
momentt, they are also the packets non-conflicted time
slots.

Definition 4: Ri(t) is the average bandwidth of link
at the moment.

S

Fig. 9. Ad Hoc multi-path flow distribution model
Rt+1)=

to—1 1
RO+ riOliere (15) Step 2, thd nodes receive the grouping data packets,
C C H . . . . .
. ~according to the multi-path algorithm in section 3.1, in
Where, t. means the average size of the statistic timeone hop range, the nodes send these multi-streaming data

window. ri(t)IxL(t) are already defined. packets to next hop nodes (find +J — 1 paths inl +J
To sum up, let’s take Eqs1®) and (5) into (1), that nodes).
is: . Step 3, we stat the detection process of grouping data
. _ . N time-delay and the node’s surplus bandwidth resources.
minF (x) = i;J:1D"R'(t+1)” Time-delay detection is similar with IGMP’s PING

function, the source node sends test packets along with
|3 N - . ehach path, ell(nd mar_ks Wl’i]th (’;ime_ st<';1_mT:mdr$j theml,(whin
= N e IR ) L ()] the test packets arrive the destination n@jemark wit
izlj;(B”’)‘”)(B‘i’ZA”) ( te Ri )+t° iOlierw) time stampsT; again, and return these packets on the
original path, so the average time-delayB$T; — T;).
' I o1 1 Noge’s ba:jndwidth .resqurcebis gallgurlla';gdldthrﬁugh ea.fc.h
— R: )l node needs to maintain a bandwidth field, the specific
.Zl (Bi — i) (Bi — 24) 2 tc J(t)+tc iOliew) calculation process is shown in Fig.10, where each node
(16) respectively calculates their bandwidth throuBATA
So the multi-path we selected is to make the Eg).( andCTSframes according to Ed.p), at the same time all
minimum. The grouping multi-paths are: test packets load their bandwidth information and return
_ _ on the original path. When the test packets return to the
R={R[|F =minFj,je(1,2---1+J-1)}  (17)  source node, it will calculate the multiply of each link's
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average time-delay and bandwidth according to the teshodes density increase, the success rate of their searching
packets information. The multi-path has been allocatedpath has little changed, and it will gradually decrease. The
then each path’s data flow is redistributed according to theother two algorithms consider the bandwidth’s optimal
returned test packets, so that it can generate th@roblem, their searching path have higher success. But
dynamically adaptive routing. with the network nodes density increasing, the network
consumption will be gradually increased. When it reaches
the maximum loading, these three algorithms will greatly
reduce the success rate of searching path, and the link

I [ Il [ I I . . .. . -
N S I s il v - interrupt will increase, this is also the multi-path rogts
’ SO0 a1 A ettt banfiwidth 7, 1) bottleneck, the general multi-path routing suit for the
S~ [ [ I [ H H Wi
S B e e scene with little nodes number. the selectivity shortest
L | CTs | RIS BI . . . )
B ‘:I : :{ T i i featcutoty Phgaw RG] path algorithm also consider the bandwidth requirement,
A # . . . .
N A AN A but it only chooses one path, so its performance is still
C by N [TOS] N i - ; -
- T AL T T lower than the multi-path routing, especially under the
; , PN L high bandwidth requirement.
D i | |?RTS |,/ | : \‘*:E@:!ﬁcrs ------ 9 d
I[ : | : : : I[ { calculate bandwidth R ¢+
Ay Ay
00— —&— heuristic multi-path routing
a5 —e— MNMRP
B = —a— selectivity shortest path algorithm

Fig. 10. time sequence diagram of calculating bandwidth

Step 4, delay after a measurement interval, repeat steps
2-3.

Based on the above analysis, the route takes the
time-delay and bandwidth as the measurement criterion.

success rate of searching path (%)
(L]
1

For the changes of network inherent and pre-distribution S _——_— e
flow, the algorithm could adaptively adjust, so the routing 40 '“‘*--H_k
protocol can also dynamically adjust, then the network 364 S

will achieve the purposes of load balancing. This way can e

make network resources consumption minimum, always I TR R I i e T
make the self-organizing network working in the optimal nodes number
state.

Fig. 11. the success rate of algorithms search path

5 Simulation Results In the case of little nodes number, MNMRP’s success
rate of searching path is little difference with the optimal
In order to validate this paper’s algorithm MNMRP heuristic algorithm, this is because the heuristic algarit
(Maximum Network Multi-Path Routing Protocol) have priority considered the high bandwidth links, it is
effectiveness, we build up the simulation experiments toeasily satisfied the bandwidth requirement, while the
verify the analysis. We use NS-2 and the CMU (Carnegieadvantage of MNMRP fully considers the time-delay and
Mellon University) which providing the wireless bandwidth factors which make the best of network
expansion modules to simulate. Simulation uses NS-Zesources, it has the practical operation. With the nodes
modules to generate the node, the mobile nodes ardensity increasing, the system needs the time-delay
average distributed in 2000m 2000m area. We set the requirement more and more accurate, then the advantage
link available bandwidth average distributed from of MNMRP is obviously advanced, and these two curves
110Mbps. In order to facilitate the experiment, the source tend towards accordance finally.
node is set at (Om, 1000m), and the destination node is set Let's re-use the above environment, compare with the
at (2000m, 1000m), and the bandwidth requirement oftime-delay of every routing algorithms, as shown in
source node is setMbps. The nodes number are 10, 20, Fig.12. We select the longest path time-delay as the
30, 40, 50, then we respectively simulate the selectivitymultipath time-delay. This is because the multi-path
shortest path algorithm (choosing the shortest path whicliransmission data generally transmit on each path as
satisfy the bandwidth requirement), heuristic multi-path grouping data packets, these packets reach the receiver
routing (searching for the network maximum flowj][ usually disorder, it needs to set up a buffer to cache these
and this paper’s algorithm (MNMRP). packets at the receiver, we can assemble all packets
The simulation emulates the success rate of searchingequence after the longest path packets arrive.
path first. It can be seen from Fig.11, the selectivity In the Fig.12, because the selectivity shortest path
shortest path algorithm has low success rate, and with thalgorithm only considers the bandwidth requirement, it
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