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Abstract

A mathematicq] model was presented and used to determine turning movements
at roundabouts based

on field data, Assumptions were made in order to simplify the
model; such as no U-t

" urns from and to the same arm of a roundabout, total traffic
into the roundabour is equal 1o total traffic our o
homogenous (i.e. mainly consis

ting of vehicles). Using Gaussian elimination, turning
movements could pe estimated for 3-qrm roundabouts for the indeterminate traffic
Steam movements when infloy

s and outflows for each arm of the roundabout is
known together wit, a flow stream on one internal circulating (weaving) section
between any two arms of the roundabout. The model has practical use in reducing the

number of detectors or counters (whether automatic, videoing techniques or manual

number of counters used, inaccessible

analysis (e.g. presence of sharp bends buildings or large trees obscuring vision). The
benefits of saving costs could be significant in terms of time and man-power needed

on site and this could depend on the amount of traffic flow through the roundabout,

Keywords: Roundabouts, traffic, detector, inflows, indeterminate.and outflows.

1.0 Introduction

A linear equation is an algebraic equation in which each term is either a constant

power of a single variable. A network on the other hand is the connection of
vari

or the product of a constant and it is the first

points to each other and it is continuous. A wide
ety of engineerine and management problems are involved in the optimization of network flows; that is, how objects
P S

move through a network. Practical examples include coordination of trucks in a trangporteition system,.rogti‘ng of pagkets ina
tOmmunication network and sequencing of legs for air travel. Such probleriis Sometimes involve few indivisible obJe-cts, and
this leads 10 a finjte set of feasible solutions example is the problem of iindmg a minimal cost sequence of legs for air trayel
from Kaduna 1o Lagos. People took the transportatioxzi }/J\roiblem up early in the Second World War. It was used to determine
how 10 move troops attlegrounds in Europe and Asia. o
Several researcﬁgfssiiZdI};etlEmptebd to estimate turnin.g movements at roa'd Junctions and a number of metiiods6wer i oped
over the years making use of traffic flows entering and leaving a junction [1-5]. Al_so the work in [6] use eld’lr;\
information on individual vehicle’s trajectories through the roundabout and propose(i es.timat.es of turning niove(ljiifzntsl. he
aceuracy of turning flow estimates at road junctions irom t‘rafﬁc counts was also e>.\am|ned in [7] whcl) accde‘?tt‘e a ie atn;j
dii‘l'crcn'ck- of about 22.5% for traffic flows in the region of about.l.575 vehlcle_s p‘ei h.our and an a(b‘so utie i .e(r)egcc 0 »
vehicles per hoyr for u'aﬂic flows of 454 vehicles per hour. In 'dddll‘l()n, Joada‘an[S'] s}udicd tiie aczgrdc‘)]/ '01 ‘t‘urn)m}b] u(,)-w(s)[?er
accepted a relatjve difference between actual and estimated iloiv oi‘ 1.3.1 (o for trd.ﬂic if]]ows of l ! .vs jtl‘c cs‘ pl;rd é)o,ﬁ e
ctorts weny into developing complex mathematical models for esumatliig .t‘urn:nlg 1-0W|S at 1ri ;':tl's‘c;:](;(\)::h;ouuh ! fgcilil;
results obtaineq from each model [9]. Other studies, such as ll.Ol, used d)/lianiic m‘tl 1()xc-'bdwxv~m1l\;'tff‘| lIT W o J;ed ity
' considered gs 4 ¢ mamic process and these have shown high accuracy re%tills. Blusl f: pmbm t[) rvgrs ;zo ethe‘r oL
Saving mclhods: ifor ():()L‘lnling traffic movements at 3'-zirm and 4-arm junctions and showed that two obse g
WO automaje counters are sufficient for 3-arm junctions.
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However, this task is rather difficult when traffic flow is high and where observers need to trace the path of vehig
individually. Furthermore, [12] studied 4-arm intersections and reported on the potential .of cost sav12g from rcplacmg direy
observation of turning flows with estimates based on counts taken from entry and exits flows. T. e use of alg?“”}ms in
manual traffic counts of turning flows at road junctions to save on labour costs was propose;d in []3]E_M”h“°bﬁclive
programming formulations for estimating ordinary differential (Q -D) matrices was presente_d 1;1 [lﬁt], fvst/ 1lfef:‘ Lam anq
[15] used direct traffic counts to estimate an O — D matrix and -Nltron a}nd Davis [16] us.ed a single se o ) rattic data (pag;
on input/output counts) to estimate a static ordinary differential matrix rather than using time-series of counts to try,

dynamic O -D matrix. The used of automatic vehicle identification in traffic data counts for real-time O - D estimation y
proposed in [17].

Morcover, several rescarchers attempted the use of O-D matrices to describe the turning movements from and to the varig

arms at road junctions [18-20]. The process of obtaining accurate measurements of turning movements cogld be pgmcum}
complex when dealing with more than 3-arm junctions whether they are roun(.iabout.s or any other type of 'mterse‘ctlons. {\n)
attempts to reduce the need to obtain counts from each and every entry or exit sections as wel'l as other circulating scction
from a roundabout will become very attractive indeed especially when trafficflows are hlgh. This may lead to the fact that i
number of equations used in forming the matrices (i.e. independent algebraic equations) is less than the number of unknown
representing the different turning movements in a roundabout. . ) _ _ ‘

To solve this problem, an analogy has been made for estimating turning flows at road junctions with that used in solving
“statically indeterminate” structures in Civil and Structural Engineering where the number of unknowns <?xceeds the numbe
of independent algebraic equations [21]. The Gaussian elimination procedure [22] is applied for ‘thlS purpose aqd the
following terms, as defined in [23] and [4] are used: - “traffically determinate” road junction: which is one that providesa
number of linearly independent algebraic equations equal to the number of traffic streams in that junction, and - “trafﬁcaIVI)

indeterminate” road junction: where the number of linearly independentalgebraic equations is less than the number of traffi
streams in that junction.

2.0 Materials and Methods

Several methods exist as solution to network flow problem but the use of linear equation has so far been the be t0 tz:jculL
network flow problems in the sense that flow problems affects everyman in the society. The one conversant to everybody ®

the traffic flow problem. So the easiest way to solve these problems is through the system of linear equation by Gauss
climination method.

3.0 Solution to Network Flow Using Gaussian Elimination
A system of linear equations is one which may be written in the form

A11X, + Qg% + oo QX = by 1)
Up1Xy + UppXy + o AopXpy = by (1)
AmiXy + A Xy + o+ A Xy = bm (1m)

ok
Here, all of the coefficientsa;; and all of the right hand sides b; are assumed to be known constants. All of th¢ X3

Lol
assumed to be unknowns, that we are to solve for. Imagine that we are in the midst of applying Gaussian elimination il i
the above flow chart, and that we have finished dealing with rows 1,...,e — 1. These rows will not change during the r:\, ¥
the climination process. Denote by M, the matrix consisting of those rows of the current coefficient matrix having i
lc*asl ¢. If the augmented matrix now looks like

X k%
\0 0 **\
0 =

*x

and ¢ = 2 (in other words, we are about to start work on row 2) then
M, = \0 0 *]
¢ 0 *

*

g !
4.0 Analysis of Traffic Network Flow Problem to Estimate Turning M"Vemcnt
Roundabouts Using Field Data ’
Systems of \:lncar'cquulions arise when we investigate the flow of some quantity through a network. SLIC gistributi®
science, engineering and cconomics. Two such examples are the pattern of traffic flow through a city and | l% O‘u”clt;
prgducts from manufacturers 10 consumers through a network of wholesalers and retailers. A network consists mbef d
points, called the nodes, and directed lines connecting some or all of the nodes. The flow is indicated by a MY
variable. We observe the following basic assumptions:
i: The total flow into a node is equal to the total flow out of a node.
ii. The total flow into the network is ¢qual to the total flow out of the network.

: i
h ng:lw()rk5 ‘]F

i
016"
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For any roundabout, cach equation corresponds to flow counts at a certain cross section. These flow counts could be obtained
casily by unskillqd laborers, automatic counters or video cameras. However, certain assumptions should be made in arriving
1 a logical and simple model for use in accurately estimating turning movements at roundabouts. These assumptions arc as

ollows:

:x(.) Traffic flow is continuous through the junction (i.e. no stopping or parking within the roundabout). Accordingly,
21{[;2 ['i (1)

Where ) ]

I;; and L; are traffic entering and !eavmg arm i, respectively.

b. No U-turns were made (i.e. from and to the same arm). Accordingly,

1, = 0 (for all i values) )

Where, T;is traffic from and to arm i.

c. Traffic is homogenous (i.e. traffic composition is the same for all links).

In order to be able to solve an O-D matrix, one needs a “traffically determinate” junction. However, when dealing with a
~yraffically indeterminate” junction (as defined above) and because of the missing data from and to certain arms or
unavailability of data (which could be due to shortage in the number of data collectors or counters on site), extra data is
required. Such data could be obtained by considering extra information on flows for a selected weaving section within the
circulating traffic between roundabout arms (and possibly the use of information from other “redundant” traffic streams
which may easily be obtained from observations).

Table 1 gives the number of movements within a chosen weaving section for different numbers of roundabout arms, say

]7]7 ;88 shown in Figure 1. Considering a particular weaving section within a circulating traffic and assuming no U-turns, it

is clear from Table 2 that as the number of roundabout arms increases, the number of movements within the weaving section
increases sharply. This shows that the complexity of monitoring turning movements at roundabout increases.

Table 1:Number of Movements within a Selected Weaving Section as a Function of the Number of Roundabout Arms

Number of | Number of Movements within a Weaving | Details of Traffic Movements

Roundabout Arms | Section (including those from adjacent arms)

3 2 Wi=E; 4T3,

4 4 Wyp= EytT35tTaptTag

5 7 ' Wy, = Ef + Tsp + Tyy + Ty
+Tsp+Ts31Tss

6 11 Wi, = Ep + Tzp + Typ + Ty3
+T5p+T53+T 54t T2t Te31T6atTes

«Traffically Indeterminate” Roundabouts

m roundabout located along Mobil in Minna, Niger state Nigeria.A simplc
escribe the proposed mathematical model to form the matrices used in solving
e assumptions described in previous sections (i.e. homogenous traffic, I; = L;
that some data on traffic flow movements were missing due to absence

5.0 Matrices Formation For
In this research work, we focused on 2 3-ar
example is chosen for a 3-arm roundabout to d
“traffically indeterminate” roundabouts. Here th i
and T = 0) were used together with the assumption
ol counters,

The following matrix describes the algebraic equations representing turning flows if the weaving section I/Vl7 is chosen for

—

he 3-arm roundabout shown in Equation (3)-
W=k, Ty,
L1 00 o oqTs) £
?) 0 11 o ol||Th2||Es
0 00 00 1 1||Ts | E; ©)
- 10 1 ¢ Ty, L,
0 ollr,. T, i .
Note that 1wy, s equalltff’l' Mk/llz + Ty, whileEy is equal to Tyz+Ty3. Here the required counts areEy By, E3, Ly, L3 and .
12 13

Wu(assummg that the missing flow counts for this case is Lz).

erian Association of Mathematical Physics Volume 36, No. 2 (July, 2016), 49 — 56 .
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6.0  Application of Systems of Linear Equations to Traffic Flows _ )

In recent years, the concept and tools of network analysis have been found to be useful in transportation §ystem. F he level
urbanization in the developing world indicates that more people live in the cities than before. The population of Niger statc
grew from 2,421,581(1991) to 3,950,249 based on the 2006 Census. This implies an increase in vehicles from the year 2004

10 2007 of about 5,676 to 8,063 vehicles. The following analysis of traffic flow through a road network during the peak
period illustrates how systems of linear equations can arise in practice.

Consider the typical road network of Figures 2 and 3;it represents an area of Bosso, Minna. The roads are all one-way
with the arrows indicating the directions of traffic flo
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Figure 2: A Map of Minna Showing t
The flow of traffic i
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Hap data £201: Google  Teema of Use  Report map error

Table 3: Average flow per hour for a 3-arm Roundabout

T: (Based on 15 minutes counts at evening eak)
Fime of the | Entry Arm 1 Entry Arm 2 Wf\
day (Bosso Zungeru from the ( Airport Road from the (Tunga  Zungery Road
North West) to Arm North East) to Arm from the South) to Arm
2 3 3 1 1 12 [Total
5:15 205 270 110 98 315 156 154
5:30 217 303 175 52 300 31 178
5:45 136 164 74 38 127 88 e
6:00 112 218 107 70 228 104 839
6:15 279 296 185 89 243 213 1305
Total 949 1251 | 651 347 1213 m

Journal of the Nigerian Association of Mathematical Ph ysics Volume 36, No. 2 (July, 2071 6), 49— 50
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Table 3 shows the required traffic counts and those
andT’,3) counts was calculated using the Gauss;j

an climination procedure.

WhereW,, = Ti3 + Tiz + T3z with the help of Math Lab

\ VISPCY i P
Figure 3: An image taken during the head counts of vehicles

Table 3: Traffic Count Matrix for the 3-Arm Roundabout

To
From | 1 2 3 Total
| [ (i p— 2200
R pe—— 0 | —eeee- 990
3 | e | e 0 1905
Total | 1560 | ------- 1902
W,;,=2892

The above values in Table 3 give the total number of vehicles entering arm 1,2, 3 and exit of arm 1,3andW,;, with the

assumed missing turns.

Figure (4) represents the solution to the

Journal of th

Tis + Ty, = 2200
Taq + Tsz = 1905
Ty1 + T23 = 990 _ ©)
Tsy +T,; = 1560
Tis +T55 = 1902
LER P T3, = 2892 i ix by substituting the above gives
Note: The above system of linear equation can be formed into matrix by substituting g
1100 0 09[T3] 2200
00 11 0 of|Tiz| |1905
00 00 1 1||Ts:]_]990 ®)
0 0 10 1 0]|75,] |1560
1.0 00 0 1|7, 190;
1 1 T 289 . . ives:
The solul(i)oln toOEq?Jati(i;g(S) using Gaussian elimination with the help of Math Lab the result gives:
:f:“ 1251
12
| 1924193 (6)
CARRELY)
Ty 347
Ty, 651

problem using the Math Lab software

e Nigerian Association

53

assumed missing. The assumed missing (in this caseT,3,T;,,
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Figure 4: Solution to the Problem using the Math Lab software

7.0 Results and Discussion
When comparing values of flow co

- . - . ld'
more traffic flow in T,3arm (1251), This implies that there js more traffic flow in Bosso Zungaru towards Tunga rod
traffic light is to be mounted at this

p r o
preference is to be given to Bosso Zungaru - Tunga r oafi n Sr?i”m
climinate unnecessary hold up. This indicates that this mathematica] method used for solving“traffically determinate” )
roundabout results is useful and signj
This research work has solved probl
again. In some cases manual traffic coy

. . Ther¢ s
unts from Equation with those of Table 3 the results show complete agreement. Th i

) AfiC

: . ition of tral™

and turn: = WL € necessary information on traffic such as traffic flow, comp.OS‘f.‘(’”,bu[mﬂ ol

and turning movements at Junctions. . The solytjop to transport problem helps to minimize cost, example in ‘dISIl’l o i

%(,),Ods |dnd In the usage of traffic counters, to maximjze profit for businessmen and businesswomen, safes time, Sn? o
:.\m':p ¢ reduces emission of carbon into the atmosphere when traffic is controlled and safes the environment from &

varming, i

L .o v
This research work has come at rj i ; lanning

ght time 1o assist gover i management for proper p

Mmanagement of traffic iy 5 particular place. s nment especially {ransport &

i
B . 49 -
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