KETERAE £+ 5 % 1992 43

O& xUJ

Rouphail2| ﬁ%ﬂ.‘i*l?.!‘ ’é’g\fe'
-’F-iilf,ﬁi’fii?—lf’-l SAlzFze] &g

An E)ﬁ‘ension of Rouphail's Simultaneous Optimization
'bf Signal Settings and Left-Turn Treatments

o] = 7
‘R‘ *i Z'//
(Univ. of Texas at Austih ulAbtA )

B x
1. Introduction 4, Extended Formulation
2. Problem Definition 5. Application
3. Rouphail’s Formulation 6. Conclusion
TEY

AFAQ AsAolwge el Fr1x 2R WEsL ok A5FAY PEE HAslshs Holth
Rouphail(1990)2 A¥Hoz #Hshe AsF/% FAANRLY ARGAA o oyt @AY
(signal timing) AF A9 BAE FAHoR FAAS N2 & Y= BYE AN v Yo 2y
Rouphaile] 23-& 47) A9 F3EAD A (2 A9 49 = dgs A4Holun. & 4+
£ 0|3 % Rouphaile] 23& Axgge Bk dubdlA 288 + J=F Fske A7olth d7IA
E A (EE AYshs @AY FH9 £)2 GUAIL & dSiFg o iisE A0 AR
e ERAFAFAYEE 43 AFE 23S AR, olF ARIAGC HgAuT. BAAs £
2ol Rouphail R¥7 vlwd of #AH} A EAA lojx ®et ohyz} AHF (VLS B3 E=
) @A Al ol 8 o 2gHYe FUsA-

1. Introduction determine the optimum number of phases, ie.,
the number of phases cannot be optimized by
Most traffic signal timing models have two those models. The other is the difficulty in

apparent weaknesses. One is the inability to optimizing left —turn phasing(e.g. protected,
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permissive, or both).

The simultaneous optimization method of
signal timing and left -turn treatments was
developed by Rouphail (1990). The proposed
method, which entails the optimization of cycle
length and green splits, integrates these two
elements mentioned above into the signal
timing optimization process for isolated
intersections. Rouphail's method directly
considers the effect of minimum green times,
practical cycle lengths, and permissive left -
turn capacity models in an attempt to obtain
an optimal decision.

As Rouphail’s formulation has only 4 phases
(phases 4, 5, 9, and 10 in Fig.2), phases
selections are very restrictive. Thus, the signal
timing solution from his approach may not be
appropriate in some cases. Especially, this
approach cannot treat the leading left - turn
phase (e.g. phasel - phase2 in Fig.2) and the
lagging left - turn phase (e.g. phaes2 - phase3
in Fig.2) which are common in real situation.

The purpose of this study is to extend
Rouphail’s formulation to the real situation for
more general application. The six additional
phases include exclusive through movement
phases and the mixed protected left - turn and

through movement phases. Since this

formulation both incorporates continuous
variables (green splits and lost times) as well
as discrete variables (number of phases and
cycle length in increments of 5seconds), a
mixed - integer linear programming (MILP) is
used in formulating the problem.

2. Problem Definition

Two rather simple but basic principles of
signal timing drive the problem formulation.
That is :
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Note : All left-turn movements (b) North-South Bound
are portected except those of
" phase 5 and phase 10 Fig. 2 Phase Designation
Table 1  Saturation Flow Matrix
Movement Phase (i)
(i) 1 2 3 4 5 6 7 8 9 10
1 - - SUs SUu SOs - - - - —
2 STu STz - - ST - - - - -
3 - - - - - - - SUs | SUn | SOsu
—
4 - - - - - ST«i STn - - STL 10
5 SUs; - - SUst | SOss - - — - -
6 - ST | STs - STes - - - - -
7 - - - s - SU76 - - SU79 SO7 10
8 - - - - - - STy STy - STs.10

SUy=Unopposed left—turn saturation flow rate for movement i in phase j

ST;;=Throug saturation flow rate for movement i in phase j

S0;=0Opposed left —turn saturation flow rate for movement i in phase j

i ) selection of shortest - possible cycle length,
and

ii ) selection of minimum sufficient number of
phases.

Problem formulation involves determining
cycle length, splits, and left - turn treatments
that allow each movement to operate at or
below a predetermined V/C ratio threshold.

Fig. 1 shows traffic movements in an
intersection which are divided into through

movements (including right - turn
movements) and left - turn movements. The
10 optional phases with protected or
permissive left - turn are illustrated in Fig. 2.
The scope of this study is limited to
intersections with exclusive left - turn lanes on

all approaches.

3. Rouphail’'s Formulation

Rouphail’s formulation considers only 4
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phase alternatives which are the dual left-
turn phase (phase 4 and 9 in Fig. 2) and the
dual through phase with permissive left - turn
(phase 5 and 10 in Fig. 2).

Objective Function

The objective is to minimize the cycle length
C subject to the given constraints. In order to
maintain linearity throughout the formulation,
cycle frequency K is maximized instead.

Objective Function : Max K 1)
where

K=1/C, C=cycle length in seconds

Constraints

1) Minimum Green Constraints

Assume that the actual and effective greens
to each phase are numerically equivalent then
the minimum green constraint is expressed gs

g=gmin (j=5 and 10) 2
where

g;=effective green time for phase j (sec)

g'min=minimum effective green for phase j
(sec)
Multiplying both sides in constraint (2) by K
yields

X,—K gmin=0 3
where

X;=green split (g;* K) for phase

Considering the case for portected left - turn
phase 4 and phase 9, the minimum green
constraint applies only when these phases
become part of the optimum solution. Hence,

X;=K gmin—(1-L) (j=4,9) 4)

(I=0 or 1, if I;=1, phase ] is selected,

otherwise ;=0)

2) V/C Constraints

A. Through movements :

RST; T=fi (=2, 4, 6, 8) (j=5, 10) (5)
where

R,=threshold v/c ratio for movement i

ST;=through saturation flow rate for
movement i in phase j

f,=flow rate for movement 1
B. Left - Turn movements :
a. Protected phase capacity :

Coo=5U; T; (6)
where

Cro=capacity of protected left - turn phase

(vph)
SU;=unopposed left turn saturation flow
rate for movement i in phase j
b. Permissive phase capacity :
Coer=504{S Topp Ti—fops}/ {5 Topp— fomo} ]
where
Cy-=permissive phase capacity (vph)
SO;=opposed left turn saturation flow rate,
generally expressed in terms of the
opposing flow rate (fo)
STye=saturation flow rate for the opposing
through movement
f.,=opposing through flow rate
T,=permissive phase split (phase5 or
phasel0)
c. Clearance phase capacity :
Cee=3,600ZK (8)
where
Cu.=clearance phase capacity (vph)
Z=number of left turns allowed per cycle in
the clearance interval
Then, the v/c constraint for left - turn is :
Rl SU; Xiu+S04(SToppXio—fopp) / (STopp— opp)



+3,600 Z K]=f; 9
i=1,3,5,7,and j=4,5, 9, 10
where
Xj.=unopposed green split
X, =opposed green split

3) Cydle Length Constraints
In most traffic signal applications, the length
" of the cycle is typically set in 5 second
multiples. For a feasible cycle range Cpi<C<
Cuax, this constraint can be expressed as :

(Cmax—Cmin

K=" 2 (1/ContmC)) im0

A]‘: Jm+l=1 GD
(m=0, 1, oeey (Cmax_cmm)/cd)

where
Cuax=maximum cycle length (sec)
Crin=minimum cycle length (sec)
Ca=allowable cycle length increment (sec)
Jn+1=00r1

4) Phase Split Constraints

2, X+2IK+ _;}911(,:1 v)]
] 1=4,
KjK_(l—Ij) ]=4 and 9 (13
Ki<I;j=4 and 9 0
where

I=lost time per phase (sec)
I,‘ZO orl

4. Extended Formulation

One of limitations of Rouphail’s formulation
is that his formulation cannot produce various
phasing combinations. Optimal phasing pattern

can be combined in various ways. Thus, 10
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optional phases are used for phase selection in
this formulation.

Objective Function
Z=Max K 1n

Constraints

1) Minimum Green Constraints
XizK guin—(1-1) (j=1,2,...10) 4")
(I=0 or 1, if I;=1, phase j is selected,
otherwise [;=0)

2) V/C Constraints
A. Through movements:
Ri ST; X;=fi (=2, 4, 6, 8, j=1,..,10) (5")
B. Left—Turn movements
Ri[SU; Xis+S0; (ST Xio—for)/
(STemp—fopp) +3,600 Z K] =f; 9")
1=1,2,3,5,7, and j=1, 2,...,10

3) Cydle Length Constraints

Cemax—Canin) /C4
k= Ea {1/(Cria+m Cy)} Jusr  (107)

Zj: Jm+1=1 (11")
(m=0, 1, ceey (Cm—Cm)/Cd)

4) Phase Split Constraints

X+ 2 [K=1 12’
KizK—(1-1) (13)
Ki<], (147)
(i=12.., 10)

5) Additional Constraints
2 =6 (i=1, 2,.., 10) (15)
Constraint (15) restricts the maximum
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number of phases to 6. It is not practical to
have more than 6 phases in a cycle because
lost time increases with the number of phases.

The binary —mixed~integer linear program
was solved with the branch—and—bound
solution algorithm available in the Linear
Interactive Discrete  Optimizer (LINDO)
package.

5. Application

The intersection (located in Austin, Texas)
of 26th street and Red River street was
selected for application of the extended
formulation. The data obtained from Traffic
Control Center of City of Austin containing
traffic volume counts by movement, phasing
patterns, and green splits was used. As a
matter of chance the results show exactly the
same phasing scheme as in the existing
condition. The only difference lies in the cycle
length and the green splits. The existing cycle

length is 90 seconds long. whereas the cycle

length obtained from the extended formulation
is 60 seconds. The signal timing plan for the
existing condition and the one obtained from
the extended formulation are shown in Fig. 3.
This phaseing pattern cannot be selected by
Rouphail's formulation because of ti's
limitation in the number of optional phases.

To compare the results from the extended
formulation with the existing signal timing
plan, the TRAffic Network Study Tool
(TRANSYT-7F), which is one of the most
widely used traffic signal timing models in the
world, was used. The average delay was used
as a criterion for comparing the two signal
timing plans. According to the 1985 Highway
Capacity Manual, level of service for
signalized intersections is defined in terms of
delay. Delay is a measure of drivers
discomfort, frustration, fuel consumption, and
lost travel times. The average delays obtained
from TRANSYT-7F for the two signal
timing plans are shown in Table 2. Comparison

of the average delays by movement indicates a

Phase 1 Phase 2 Phase 3 Phase 4*
Phasirg A - -
pattern — ¥V
_— —_—

Existing

timing 19(4) 19(4) 6(4) 0(4)

New

timing 10(3) 13(3) 10(3) 15(3)

*Phase 4 includes permissive left-turn
() : yellow time

Fig 3. Existing Signal Timing and Proposed One



decrease in the delays for 5 of the 8
movements and an increase in the delays for
the remaining 3 movements. As a result of
using signal timing plan obtained from the
extended formulation, there is an overall
decrease in the average delay by 5 seconds per

vehicle for the whole intersection

" Table 2. Comparison of the Two Signal Timing

el R R ol e
1 1191 259 —93.2

2 18.2 14.9 -3.3

3 343 44.4 +10.1

4 21.8 20.5 -13

5 31.0 26.5 —4.5

6 247 | 124 —12.3

7 71.8 97.7 +25.9

8 25.8 318 +6.0
overall 26.3 21.3 -5.0

6. Conclusion

Although Rouphail’'s formulation partially
remedied the weaknesses in the conventional
traffic signal timing models, it is not
appropriate in some real—situation—cases.
Especially, his formulation cannot treat the
leading left—turn phase and the lagging left—
turn phase which are common in real
situation.

In an attempt to extend Rouphail’s
formulation, the extended formulation for the
simultaneous optimization of signal timing and
left—turn treatments is presented. Conclusions

drawn from this study are described as
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follows:

1) The extended formulation is more flexible
in the selection of the number of phasing
patterns in comparison with Rouphail’s
formulation

2) The signal timing plan obtained from the
extended formulation shows better
performance than the existing plan.

3) One major feature of this formulation is
a more efficient treatment for left—turn
phases (protected, permissive, or both) when
compared with Rouphail’s formulation.

4) This study 1s limited to intersections with
exclusive left—turn lanes on all approaches.
Thus, further study on the »left—turn
treatments with no exclusive left—turn lane is

recommended.
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APPENDICES

APPENDIX 1. Extended MILP
Formulation
MAX K
SUBJECT TO
2) X1-10K—-11>=-1
3)X2—-10K—-12>=-1
4) X3-10K—-13>=-1
5) X4—5K-14>=-1
6) X5—10K—-15>=-1
7) X6—10K—-16>=-1
8) X7—10K—-17>=-1
9) X8—10K—-18>=-1
10) X9-5K—-19>=-1
11) X10—-10K-I110>=-1
12) X1-T11<=0
13) X2—-12<=0
14) X3—-13<=0
15) X4—-14<=0
16) X5— I5<=0
17) X6—16<=0
18) X7—17<0
19) X8—-18<=0
20) X9—-19<=0
21) X10—-110<=0
22) 1440X3+1440X4+114X5—3115+3240K
>=101
23) 114X5-3115> =0
24) 4080X1+4080X2+408X5>=1308
25) 1260X8 +1260X9 +1082X10—107 1 10+
3240K> =127

26) 1082X10—107 110>=0

27) 2720X6+2720X7 +2720X10> =316

28) 1260X1 + 1260X4 + 680X5 — 10815 +
3240K> =110

29) 680X5—10815>=0

30) 4080X2+4080X3+4080X5> =764

31) 1260X6 + 1260X9 + 833X10 — 174 1
10X+ 3240K > =57

32) 833X10~174110>=0

33) 2720X7+2720X8+-2720X10>667

34) X1+X2+X3+X44+X5+X6+X7+X8+
X9 +X10+3K1 +3K2+3K3 +3K4 + 3K5
+3K6+3K7+3K8+3K9+3K10=1

35) KI-K~-I1>=-1

36) K2—-K-12>=-1

37) K3—K-I3>=-1

38) K4—K-I4>=-1

39) K5—K~-I6>=-1

40) K6—K-16>=-1

41) KT~K~17>=-1

42) K8—K-I8>=-1

43) K9—K-I19>=-1

44) K10—K—-110>=-1

45) K1-11<=0

46) K2-12<=0

47) K3—-13<=0

48) K4-14<=0

49) K5-15<=0

50) K6—-16<=0

51) K7-17<=0

52) K8—-I18< =0

53) K9-19<=0

54) K10-110< -0



55) K—0.01667J1 ~0.01538J2—0.01429J3 —0.
01333J4 — 0.0125J5 — 0.01176J7 — 0.
01053J8 — 0.01J9 — 0.00952J10 — 0.

00909J11~0.00870J12—0.008333J13=0
56) J1+J2+4+J3+J4+J5+J64+J7+J8+J9+
JI0+J11+J12+J13=1"
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57) I1+12+13+14415+16 +17 + I8 +19+110
<6
END
INTE 11110
INTE J1-J13
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