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Pedestrian Timing Alternatives and
Impacts on Coordinated Signal Systems
Under Split-Phasing Operations

Zong Z. Tian, Tom Urbanik, Roelof Engelbrecht, and Kevin Balke

Split phasing can sometimes be mor e efficient in serving vehicular traf-
ficunder certain geometric and traffic flow conditions, such asthe case
in which a high volume of left-turning traffic is served from a shared-
lane configuration. However, pedestrian crossing-time reguirements
can have a significant impact on intersection operations, especially in
coordinated signal systems. Various alternatives for providing pedes-
trian timingsunder split-phasing operationsare presented. The advan-
tages and disadvantages, implementation strategies, and potential
impact on inter section operations, especially on coordinated signal sys-
tems, are addressed with regard to each timing alternative. Further, the
concept of thetwo-stage crossing design and the use of an exclusive pedes-
trian phaseunder split-phasing operationsareinvestigated. The proposed
model can be used to determine when exclusive pedestrian phasing can
actually improve oper ational efficiency.

Split phasing is a commonly used signal-phasing scheme that can
serve vehicular traffic efficiently under certain geometry and traffic
flow conditions, such ason aside street where ahigh volume of |eft-
turning traffic is served from a shared left and through lane. How-
ever, lack of consideration of pedestrian crossing-time requirements
may significantly reduce the efficiency of intersection operations.
The purpose of this paper isto evaluate various split-phasing alter-
natives with respect to pedestrian timing considerations. The study
focuses on the impact of various split-phasing alternatives on traf-
fic operations, the implementation strategies, and identification of
the most efficient split-phasing schemes.

A number of issues exist related to split-phasing and pedestrian
timing treatments. So that a driver unfamiliar with an intersection
may understand that he or she has a protected movement, aleft-turn
arrow must be displayed; however, the display with aleft-turn arrow
would require serving the pedestrians on each crosswalk in two sep-
arate sequential phases. A significant impact can be imposed by
pedestrian crossings because the time required for a pedestrian to
cross amagjor arterial street is usually significantly longer than the
time required serving the traffic demand on a split phase.

In arecent study, Urbanik et al. (1) provided comprehensive
evaluations of the various split-phasing alternatives with respect to
pedestrian crossing treatments. The researchers evaluated the split-
phasing alternatives currently being used in practice from the point
of view of efficiency and safety. The study proposed a new split-
phasing scheme, namely, a protected/permitted left-turn display,
which would display agreen ball when the opposing (to theleft turn)
pedestrian phase is active and a left-turn arrow when the opposing
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pedestrian phaseisnot active. Such aphasing schemewould improve
the operational efficiency while maintaining safety. Some earlier
studies (2, 3) focused on pedestrian safety associated with right-
turning movements and investigated various techniques for mini-
mizing the conflicts, including the use of exclusive pedestrian phases.
Tian et d. (4) investigated various techniques to minimize the pedes-
trianimpact on coordinated signal systems, such astheuse of lead/lag
phasing on the side street. None of these studies, however, have dealt
in much detail with theimpact of split phasing on coordinated signal
systems. It is also necessary to further investigate other potential
design dternatives with split-phasing operations.

Various pedestrian timing treatments within modern signal con-
trollers are addressed first. Different split-phasing alternatives with
respect to pedestrian timing considerations are then identified. The
advantages and disadvantages of each phasing alternative are dis-
cussed, and the operational efficiency of each timing alternative
is examined on the basis of coordinated signal system operations.
A model is proposed to quantitatively compare the standard split-
phasing scheme with the exclusive pedestrian-phasing scheme.
A summary and conclusions are provided at the end of the paper.

PEDESTRIAN TIMING TREATMENT IN
SIGNAL CONTROLLERS

In modern signal controllers, pedestrian timing is normally handled
with the following four approaches: (a) no pedestrian timing consid-
eration, (b) pedestrian timing concurrent with vehicle phases, (c) a
special pedestrian overlap phase, and (d) an exclusive or “ scramble”
pedestrian phase. Each of these four approachesis discussed below.

No Pedestrian Timing Consideration

A pedestrian signal head will not be provided at the crosswalk
when pedestrian timing is not considered. Pedestrians would have
to observe the vehicular signals and cross with the parallel traffic
flows. The phase duration istotally controlled by vehicular demand.
Although thisis the least costly alternative, it is not the preferred
alternative in many urban aress.

Pedestrian Timing Concurrent with Phases

Pedestrian timing concurrent with vehicle phasesis acommon prac-
ticeat most signal | ocations. Pedestrians crossthe street concurrently
with the adjacent through-vehicle movements and are provided with
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“Walk” and flashing “Don’'t Walk” (FDW) indicationswhilethey are
crossing the intersection. The “Walk” and FDW intervals are a por-
tion of the timing of the adjacent vehicle phases. Sufficient time
should be provided for the“Walk” and FDW intervalsto ensure safe
crossing of the street. When there is no pedestrian call, the actual
duration of the phaseisgoverned by the vehicle demand. When there
is a pedestrian call, the actual duration of the phase is governed by
the maximum of the time required to serve the vehicle demand and
therequired pedestrian crossing time. Although concurrent phasing
does not separate the conflicts between right-turning vehicles and
pedestrians, it provides positive information to the pedestrians when
it is generally safe to cross the intersection. Because the minimum
required pedestrian crossing time is included in the vehicle phases,
frequent activations of the pedestrian phase can significantly reduce
theintersection capacity.

Special Pedestrian Overlap Phase

Overlap pedestrian phases are mainly used for the purpose of im-
proving operational efficiencies. This technique allows a specifi-
cally designated pedestrian phaseto overlap withitsparallel vehicle
phases, thus minimizing thetotal time consumed by pedestrian cross-
ings. Details of thistechnique and the implementation strategies are
discussed later in this paper.

Exclusive or Scramble Phase

Exclusive or scramble pedestrian phases have been used at locations
wheresignificant pedestrian activity and high turning traffic volume
exist. Using an exclusive pedestrian phase completely separatesthe
conflicts between vehicular movements and pedestrians. Pedestri-
ans cross in al directions during the exclusive pedestrian phase,
which provides maximum protection to the pedestrians. However,
intersection capacity may be significantly reduced because of the
time consumed to exclusively serve the pedestrians.

SPLIT-PHASING DESIGN ALTERNATIVES

In this section various forms of split-phasing design will be identi-
fied with respect to varioustreatments of pedestrian timing. Thetech-
niquesto be used for implementation in the signal controllerswill be
addressed. The potential impact of each timing alternative on traffic
operations will also be discussed.

No Pedestrian Signal Display

When pedestrian timing is not provided, atypical phasing scheme
for atraffic signal with split-phasing operation on the side street can
be asillustrated in Figure 1. Figure 1a shows atraditional phasing
scheme, and parts b and ¢ show two alternatives for the controller
phase and ring configurations for implementing the split-phasing
schemein acontroller. It can be seen that the two approaches can be
controlled either by using the two phasesin Ring 1 (®3 and ®4) or
by using the two phases in different rings (e.g., @4 and ®8) with a
barrier in between.

The phasing scheme without consideration of pedestrian timing
does not provide the meansto eliminate pedestrian and vehicle con-
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flicts. Although pedestrian crossing does not directly affect the sig-
nal operations, it isnot apreferred alternative because of the lack of
protection for pedestrian crossings and the related safety concerns.

Protected Left-Turn Arrow Display

Split phasing with a protected |eft-turn arrow display, the preferred
display from adriver’ s point of view, requiresthat agreen arrow be
displayed while the approach has the green phase. To implement
this display, a four- or five-section signal head must be used. As
shown in Figure 2, thetwo crosswalks have to be served in two sep-
arate sequential phases. For example, the pedestrians using the east
crosswalk would be served while the northbound (Controller ®3)
receives the green, and the pedestrians using the west crosswalk
would be served when the southbound (Controller ®4) receivesthe
green. (A dashed left-turn or right-turn arrow in all the illustrations
presented in the following text indicates a permitted movement in
which the vehicles have to yield to the pedestrians.) The proposed
ring and phase configurations for such a phasing scheme are shown
in Figure 2b. The pedestrian timing (“Walk” and FDW intervals) is
accommodated in the concurrent vehicular phases (93 and d4).

The main advantage of such a phasing design isthat it eliminates
the conflicts between the left-turning vehicles and the pedestrians.
From a traffic operations standpoint, however, this phasing is less
efficient because of the time consumed by pedestrians when pedes-
trian crossing must be accommodated on both crosswalks during the
same cycle. The impact is more dramatic when the required pedes-
trian crossing time is significantly higher than the time required to
serve the vehicle demand, which is typically the case for the side
street, where split phasing is often used. Another issuerelated to split
phasing with protected left-turn display is the potential impact on a
coordinated signal system, which will be addressed in more detail
later in this paper. To minimize the pedestrian impact, an alternative
solutionisto provideapedestrian signal at only one crosswalk; how-
ever, thismay not be the preferred design from the point of view of
pedestrian safety and convenience.

Permitted Left-Turn Ball Display

In order to reduce the impact of pedestrian timing with the protected
left-turn arrow display, some jurisdictions use a permitted left-turn
ball display for split-phasing operation. With thisalternative, agreen
ball is displayed for the approach receiving the green phase. Aswith
normal permitted |eft-turn phasing operations, the left-turning vehi-
cleshaveto yield to pedestriansin the crosswalk. Figure 3 showsthe
permitted | eft-turn ball display phasing scheme and the recommended
controller phase and ring configurations. A three-section signal head
issufficient for this application.

With apermitted | eft-turn display, the pedestrian phase ($8) over-
laps the two vehicle phases (93 and ®4). This arrangement permits
pedestriansto crossin both crosswalks during both side street phases.

The major advantage of thisphasing designisthat pedestrian cross-
ingsare accommodated in asingle phase, which minimizestheimpact
of pedestrian timing and improves operational efficiency. However,
useof agreen ball display with such aphasing scheme hasraised con-
cerns among traffic engineers. The first concern isthat aleft-turning
vehicle might get trapped when it has already entered theintersection
and isyielding to a pedestrian on the left but its own vehicle phase
terminates. The second concern is that the green ball display under
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FIGURE 1 Split phasing without pedestrian phase: (a) phasing scheme, (b) controller phase and ring configurations using phases in

Ring 1, (c) controller phase and ring configurations using phases in Ring 1 and Ring 2.

split-phasing operation could condition driversto incorrectly assume
that left turns are protected, which could cause adriver to make a
left turn without yielding to opposing traffic at apermitted | eft-turn
location (3). Thethird concernisthelikely increase of start-up lost
time because a green ball does not provide a clear indication to a
driver unfamiliar with the operation of theintersection whether he or
sheis supposed to accelerate and proceed. Despite the various con-
cerns, the permitted left-turn display under split-phasing operation
has gained acceptance by some traffic engineers and jurisdictions.

Protected/Permitted Left-Turn Display

Because of the efficiency and safety concernsrelated to the protected
or permitted | eft-turn display phasing scheme, an aternative solution,
namely, a protected/permitted split-phasing scheme, was proposed
by Urbanik et al. (1). Thebasicideaisto provide aprotected left-turn
arrow when the conflicting pedestrian phaseisinactive but to provide
apermitted green ball when the conflicting pedestrian phaseisactive.

For example, when a pedestrian is being served or a pedestrian call
has been placed before the side street phase begins, the conflicting
|eft-turn arrow would be omitted. On the other hand, if a left-turn
arrow were being displayed (i.e., no pedestrian call is placed before
the side street phase starts), no pedestrian call would be served until
the next cycle.

Because of the complexity of this phasing scheme, a controller
must be able to handle multiple phases and a flexible ring structure
if it is going to be implemented in the field. For example, imple-
menting this phasing scheme would require the use of 10 phases and
4rings. Figure4 illustratesthe phasing scheme and the proposed con-
troller phase and ring configurations. Details on the implementation
process can be found in the study by Urbanik et a. (1).

The proposed protected/permitted phasing scheme provides an
alternative solution between the permitted and protected left-turn
phasing schemes. Such a phasing scheme would provide efficiency
and safety during the protected phase (e.g., reducing start-up lost
time) and would minimize the impact of pedestrian crossing by
accommodating the pedestriansin two parallel pedestrian phases.
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FIGURE 2 Split phasing with protected left-turn arrow display: (a) phasing scheme, (b) controller

phase and ring configurations.

Protected Left-Turn Display with
Two-Stage Crossing

Two-stage crossing refers to the case in which a pedestrian crossing
hasto be completed in two stages. Pedestrianswould haveto observe
pedestrian signal indications during both crossing stages. Theuse of a
two-stage crossing design is appropriate when the street to be crossed
is wide and a median refuge island exists. An appropriate phasing
design with two-stage crossing could minimize theimpact of the pro-

tected |eft-turn display. Figure 5 shows the phasing scheme and the
proposed controller phase and ring configurations. The left-turning
movements are controlled by standard protected | eft-turn displays.
As shown in Figure 5, the pedestrian phases for the first stage on
each crosswalk are handled concurrently with the parallel vehicle
phases. A designated pedestrian phase (98) is proposed for the sec-
ond stage on each crosswalk and overlaps with the two vehicular
phases. In this case, the pedestrianswould till be allowed to crossto
themedian whilealeft-turn arrow was being displayed, which would
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FIGURE 3 Split phasing with permitted left-turn ball display: (8) phasing scheme, (b) controller phase

and ring configurations. (®7 is not used.)
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FIGURE 5 Split phasing with two-stage crossing: (a) phasing scheme, (b) controller phase and ring

configurations. (®7 is not used.)

have not been possible in the single-stage crossing. As aresult, the
extratime necessary to serve the pedestrians is reduced.

Exclusive Pedestrian Phase

With an exclusive pedestrian phase (also called a pedestrian scram-
ble phase), pedestrian crossings occur in all directions while all the
conflicting vehicle movements are stopped. An exclusive pedestrian

phaseistypically used under situationsin which significant conflicts
exist between pedestrians and turning vehicles or concurrent pedes-
trian phasing would otherwise cause capacity and queuing problems
for the turning vehicles. Figure 6 illustrates the phasing scheme and
the proposed controller configurations.

Asshown in Figure 6, 8 is designated specifically for the pedes-
trian phase with barriers on both sides. The use of an exclusive pedes-
trian phase allows pedestriansto crossin all directionssimultaneously
(including diagonal crossing). Thus, the delay to the pedestrians on
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FIGURE 6 Split phasing with exclusive pedestrian phase: (3) phasing scheme, (b) controller phase and ring configurations.
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the mgjor street (crossing side street) is usually reduced because the
phasing not only allowsthe pedestriansto cross during the main street
concurrent through-vehicle phase, but also alows pedestriansto cross
during the exclusive pedestrian phase. Delays to the minor-street
pedestrians and vehicles may be increased because the opportunity
to serve both the pedestrians and the vehicles concurrently would be
excluded.

Practitioners generally believe that the use of an exclusive pedes-
trian phase under split-phasing operations resultsin excessive capac-
ity loss for the intersection. Later in this paper, amodel is presented
to illustrate conditions in which the use of an exclusive pedestrian
phase may actually increaseintersection capacity under split-phasing
operations.

IMPACT ON COORDINATED SIGNAL SYSTEMS

For coordinated signal systems, traffic engineershave used two gen-
eral strategies for timing signals to deal with pedestrian crossings:
timing based on pedestrian minimums and timing based on vehi-
cleminimums (4). Timing based on pedestrian minimums requires
accommodation of pedestrian crossing time in the controller phase
splits. The major advantage of this strategy is that the signa will
remain in coordination regardless of whether there is a pedestrian
phase activation; thus, it is a preferred alternative from the point of
view of system operations. Timing based on pedestrian minimums
has minimal impact on intersection capacity because the extratime
not being used by the side street would be reallocated to the main
street. One constraint of timing based on pedestrian minimumsisthe
minimum cycle length required to accommodate the pedestrian
crossing times on the side street phases. In the following discussion
the operational efficiency of the split-phasing alternatives is com-
pared from the point of view of minimum cycle length constraints
and the time consumed by the side street phases.

Minimum Cycle Length Constraints

If the phasing schemes of the major streets areidentical but different
split-phasing schemes are used on the side street, the minimum cycle
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length is primarily controlled by the minimum time to be allocated
to the side street.

Table 1 provides a summary of such minimum times under each
split-phasing alternative. The second column (minimum setting)
contains the variables and the equations for calculating the mini-
mum timeto be allocated to the side street phases. The third column
illustratesthe actual values based on the assumed values of each vari-
able. In the examples, it was assumed that the required pedestrian
clearance time (FDW) under two-stage crossing is approximately
half of that required under single-stage crossing. A 5-s“Walk” time
and a5-svehicleclearancetime (yellow + all red) were al so assumed.

Fromthe datain Table 1, the exclusive pedestrian-phasing scheme
requiresthe longest timeto be allocated to the side street phases, but
the condition will change with different vehicle demand and pedes-
trian demand. The actual impact of using an exclusive pedestrian
phase is discussed in detail in the next section. Among other split-
phasing aternatives, the protected | eft-turn phasing schemerequires
thelargest timeto be allocated to the side street, which would result
in the highest cycle length. The condition will not change unlessthe
vehicle demand exceeds the pedestrian crossing time. The permitted
left-turn display and the protected/permitted left-turn display have
the lowest time to be allocated to the side street phases. The two-
stage crossing design al so reduces the minimum time compared with
the protected left-turn design.

Exclusive Pedestrian Phase Model

To the best of the authors' knowledge, an exclusive pedestrian phase
under split-phasing operations has probably never been implemented
inpractice. Thegenerd belief isthat the use of an exclusive pedestrian
phase under split phasing would significantly affect intersection oper-
ations. A model ispresented herethat comparesthe standard protected
left-turn arrow display phasing scheme (pedestrian timing concurrent
with vehicle phases) with the exclusive pedestrian-phasing scheme.

In the two phasing options shown in Figures 7 and 8 for aside
street, T, and T, represent the average vehicle demand times for
the northbound and southbound approaches, respectively, and t,
represents the required pedestrian crossing time.

TABLE 1 Comparison of Minimum Cycle Length Constraints

Minimum Side Street Time with

Split Phase Pedestrian Crossing, (sec)
Equation Example:
T,=25, T,=8, t,=30

Protected LT max(T,,t,) + max(T,, t,) max(25,30) + max(8,30) = 60
Permitted LT max(T,+ Ty, t,) max(25+8,30) = 33
Protected/Permitted LT max(T, + Ty, 1) max(25+8,30) = 33
Protected LT with Two-Stage max(Ty,t,2) + max(Ty, t,,) | max(25,20) + max(8,20) = 45
Exclusive Pedestrian Phase T,+T,+1, 25+8+30=63

Notes:

1. T,, T, = average vehicle demand time for northbound and southbound, respectively

2. t, = required pedestrian crossing time for single-stage crossing,

t,= WALK + FDW + Y(ellow), with WALK = 5 sec, and Y = 5 sec

3ty = required pedestrian crossing time for two- stage crossing,

tp2= WALK + FDW/2 + Y = t,/2 + (WALK + Y)/2 = /2 + (5+5)/2 =t,/2 + §
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FIGURE 7 Standard protected left-turn display phasing.

To derive the model, the following assumptions were made:

* t,isgreater than both T, and T, (usually the case);

* V,, the pedestrian volume in pedestrians per hour, is evenly
distributed between the two crosswalks; and

* Pedestrian arrivalsarerandom, and apedestrian call occurswhen
the number of pedestrians arriving during a cycle is greater than or
equal to 1 at agiven crosswalk.

When pedestrian calls exist on both crosswalks during the same
cycle, thetotal amount of time consumed by the side street would be
2t, for the protected | eft-turn or pedestrian concurrent phasing scheme.
Ontheother hand, thetotal amount of time consumed by the side street
would be T, + T, + t, if an exclusive pedestrian-phasing scheme is
used. Since pedestrian crossing may not occur every cycle, the aver-
age time consumed by the side street over an hour is related to the
pedestrian volume level and the vehicle phase demand. The phasing
schemewith alower total consumed time on the side street would be
the most efficient option.

Theprobability of having at |east one pedestrian arriving (assuming
arandom arrival of pedestrians) during a cycle can be calculated by

P(x>1) =1-P(0) =1 - e "*F° 6

where C iscycle length in seconds.
With the exclusive pedestrian-phasing scheme, the total time
consumed by the side street over an hour can be calculated by

= 3%/

T, T, 4T, + tp[l - e’(v”/%w)c]} 2)

With the standard protected left-turn phasing scheme, the proba
bility of apedestrian call on acrosswalk isexpressed by Equation 3.
When apedestrian call occurs, the actual time consumed by the same
approach during acycle would be t,.

p = 1- e—[vp/(2x3600)]c (3)

The probability of not having a pedestrian call on a crosswalk
is expressed by Equation 4, and the time consumed by the same
approach would be T, or T,.

Po = e—[v,,/(2x3600)]c (4)
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Thetotal time consumed by the side street over an hour can then
be calculated:

T, = S(Z:OO (2{1 _ e—[vp/(2x3eoo)]c} t, + e—[v,,/(zxaxsoo)]c(-l-a + Tb)) )

Thetimedifference per hour between thetwo phasing alternatives
would be

T, +T, —2t,)elw/eele
= (T, +T,) +t, + e (#oc) ®)

A positive A-valuewould suggest atime saving by using an exclusive
pedestrian-phasing scheme.
IfT=T,+ T, andy =T,

A=T,-T, = 36(;)0{(1 _y) + e—(vp/3600)c
_ (2 _ y)e—[vp/(2xseoo)]c}tp @)

Figures9 and 10 are plots of thisfunction with selected cyclelength
C and pedestrian crossing timert,.

As can be seen from Figures 9 and 10, the cycle length and the
pedestrian crossing timet, would change the magnitude of time sav-
ing only. The decision as to whether an exclusive pedestrian phase
should be used depends on the pedestrian volumes and the ratio of
vehicle phase demand to pedestrian time, y. From the data presented
in Figures 9 and 10, it can be concluded that when y isless than 0.5
(i.e., thetotal vehicledemand timesarelessthan half of the pedestrian
crossing time), use of an exclusive pedestrian phase would typicaly
result in more efficient traffic operations. When y is greater than 1.5
(i.e., thetotal vehicle demand times are greater than 1 and half of the
pedestrian crossing time), use of the concurrent phasing with pro-
tected left-turn arrow display would be more efficient. Conditions
between these two boundaries would require a study based on actual
traffic and pedestrian flow conditions before decisions could be made.

SUMMARY AND CONCLUSIONS

Variousformsof split-phasing schemesresulting from various pedes-
trian timing treatments have been discussed. The advantages and
disadvantages of each split-phasing scheme were examined from the
point of view of safety and operational efficiency. The efficiency
of each phasing scheme was examined on the basis of coordinated
signal system operations. Thefollowing conclusionswerereached:

* Split phasing with protected left turns eliminates the conflicts
between pedestrians and left-turning vehicles; however, the provision
of two pedestrian splits could significantly reduce the intersection
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FIGURE 8 Exclusive pedestrian phasing.
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FIGURE 10 Time saving by using exclusive pedestrian phase: C = 140 s; t, = 20 s.

capacity and normally requires use of alonger system cyclelengthin
coordinated signal systemsto avoid out-of-coordination signals.

* Split phasing with permitted left turns provides more efficient
traffic operations because of the accommodeation of pedestrian cross-
ing within asingle pedestrian phase. However, the display of agreen
ball may not convey clear information to drivers and could condition
them to make a left turn without yielding to opposing traffic at a
permissive left-turn location.

* The protected/permitted |eft-turn phasing scheme provides an
alternative sol ution between the protected and the permitted | eft-turn
phasing schemes. Implementation of such aphasing scheme on exist-
ing controllers requires the use of 10 phases and 4 rings. Therefore,
the controller must be ableto handle multiple phasesand flexiblering
structures.

» Two-stage pedestrian crossing can a so minimizethe pedestrian
crossing impact compared with a single-stage crossing.

* A modé isproposed in this study that can be used to determine
when the use of an exclusive pedestrian phase under split-phasing

operations can be more efficient compared with the standard pro-
tected left-turn display phasing scheme. The use of an exclusive
pedestrian-phasing schemeisfavored with high pedestrian volumes,
wide crossings, and relatively low traffic demand.
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