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The objective of this study was to determine the effect of left turn penalties 
on the accuracy of traffic assignment results. The left turn penalty model 
used in the study allows the selective penalizing of left turns without 
penalizing right turns and through movements. The model was applied to 
70 signalized intersections in the 1963, Lancaster, Pennsylvania, street 
network; and traffic assignment runs were made with penalty values rang
ing from O to 60 seconds. The accuracies of the assigned volumes were 
compared using statistical techniques. The results show that assigned 
traffic volumes obtained with left turn penalties in the range of 10 to 40 
seconds were as accurate or more accurate than those obtained with zero 
penalties. Left turn penalties had more of an impact on the results of 
particular iterations than on average assigned volumes. The study results 
indicate that the application of selective left turn penalties in traffic as
signment is a technique with the potential of significantly increasing traffic 
assignment accuracy. 

•URBAN TRANSPORTATION studies have been using traffic assignment procedures 
for several years as tools for analyzing network traffic flows. Such procedures are 
based on the premise that drivers seek to minimize their travel time or cost by select
ing efficient routes through a street network. In modeling this phenomenon, some ver
sion of the Moore algorithm (!) is generally employed to build minimum-path trees from 
an origin point to all other points in the network. Vehicular traffic is then assigned to 
these minimum paths. 

In their original form, minimum-path-tree algorithms did not consider the extra time 
required for drivers to negotiate turns at intersections. More recently, several at
tempts have been made to correct this deficiency. The United States Bureau of Public 
Roads (BPR) battery of traffic assignment computer programs (2) incorporates an option 
for turning penalties at intersections. This method, however, is somewhat unrealistic 
in that no distinction is made between left and right turns, and each penalized movement 
in the network receives the same penalty. Two additional turn penalty models have ap
peared in the literature, one by Wattleworth and Slrnldiner (3) and the other by Kirby (4). 
Neither of these models has yet been validated using data for an actual network. -

A fourth turn penalty model has recently been developed at the .Pennsylvania State 
University (PSU) (§). The PSU model was designed for selective implementation, and 
allows left turns to be penalized without penalizing right turns and through movements. 
The purpose of this study was to determine the effects of the PSU left turn penalty model 
on the accuracy of traffic assignment results. 

THE LEFT TURN PENALTY MODEL 

The turn penalty model used in this study-hereafter referred to as the PSU model
was developed with a view toward overcoming some of the theoretical and practical ob
jections to previously proposed models. The model penalizes left turns without penaliz
ing right turns and through movements, and allows the use of as many different left turn 
penalty values as there are left turns in the network. 
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Figure 1. Standard intersection coding. 

Figure 1 shows the standard method of coding an intersection. (The travel time val
ues ti, shown adjacent to each link, apply to both directions of travel; e.g., t1- 5 = t5 - 1 = 
t1.) The cumulative travel times for each of the three possible movements from node 1 
are 

where 

Yk = cumulative travel time from the origin node to node k, and 
tk = travel time on link k. 

(1) 

In general, the goal of turn penalty models is to determine new travel times Yk, such 
that 

2, 4 

' k 3 (2) 

where P1-2 and P1-4 are the left and right turn penalties respectively. If a turn is to be 
prohibited, the modeling goal is to insure that the node at the terminus of the turning 
movement cannot be reached via a path including both the intersection node and the node 
at which the movement originates. For example, if the left turn from node 1 to node 2 
in Figure 1 is prohibited, the minimum-path tree should not contain the three-node se
quence 1-5-2. 

The inter s ection coding technique used in the PSU model is shown in Figure 2. The 
single-node representation of an intersection is discarded in favor of a system of four 
nodes and eight links. Right turns and through movements are accommodated on the 
counterclockwise intersection links, all of which are assigned travel times of zero. 
Left turning movements take place on the clockwise links, incurring the indicated turn 
penalties. 
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Figure 2. PSU model coding. 

Thus, in extending the minimum-path tree from node 1, cumulative travel times are 
calculated as follows: 

y~ = y l + t1 + P1-2 + t2 

= Y2 + P1-2 

y~ Y l + t1 + 0 + 0 + ts 

= Ys 

y~ = y 1 + t1 + 0 + t4 

y4 

Note that these results correspond to Equation 2, if P1-4 is specified as zero. 
To insure that the model operates as described, it is necessary to add to the Moore 

algorithm the stipulation that no more than two links with zero travel time may be added 
to the minimum-path tree in succession. Without this restriction, the path to node 2 
would be determined as 1-5-8-7-6-2, with a travel time 

Y~ = Y 1 + t1 + 0 + 0 + 0 + t2 = Y2 

thus effectively circumventing the desired left turn penalty of P1-2. With the restriction, 
however, link 7-6 may not be included in the minimum path from 1 to 2, becauseitwould 
be the third successive link with a travel time of zero. 

The PSU model provides two methods of treating prohibited left turns. Either the 
clockwise link corresponding to the prohibited turn may be omitted in the network de
scription, or the turn penalty for the prohibited turn may be set at some arbitrarily 
high value. For example, a prohibited left turn from node 1 to node 2 in Figure 2 may 
be modeled by coding the link connecting nodes 5 and 6 only in the direction 6-5, or by 
setting P1-2 equal to some high value. 

It is unnecessary to use the PSU model to represent all intersections in a network. 
The increase in network complexity occasioned by the use of the model may be limited 
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to those locations where actual left turn penalties are significant. Furthermore, a dif
ferent penalty value may be used for each penalized left turn in the network, if desired; 
and penalty values may be constant or may vary with flow volume. Finally, the PSU 
model uses a slightly modified form of the Moore algorithm, making it readily com
patible with existing traffic assignment techuiques. 

A complete discussion of the theory and application of turn penalties in traffic as
signment and the PSU model is presented in a previous report (§). 

PROCEDURE 

The question of interest in this study was what effect the use of the PSU model would 
have upon the accuracy of assigned traffic volumes. Interzonal trips thus were assigned 
to an existing urban street network, utilizing a capacity-restraint assignment technique. 
Four different assignment runs were made, with left turn penalty values ranging from 
0 to 60 seconds. For each run assigned, link volumes were statistically compared with 
measured average daily traffic (ADT) volumes. 

Study Network 

The network used for this study was the central portion of the 1963, Lancaster, Penn
sylvania, street network. Computer processing time available for the study prohibited 
use of the entire Lancaster network. The core of the network was extracted, therefore, 
and traffic zones outside of this core were aggregated. This aggregation process re
duced the total number of traffic zones from 271 to 178, but produced a decrease in in
terzonal trips of only 6. 4 percent. 

Network data, including an interzonal trip matrix and the coded network description, 
were provided by the Pennsylvania Department of Highways. A summary of network 
characteristics is given in Table 1. 

Left Turn Penalty Values 

Left turn delays at intersections were not included in the Lancaster network data. 
Consequently, it was necessary to generate a set of left turn penalties for this study. 
Two assumptions guided this generation process: 

1. The PSU model should be used only at signalized intersections. 
2. Turn penalty values should vary with different levels of intersection flow volume. 

These assumptions were based upon previous experience with the PSU model (5). 
Examination of the data for the Lancaster network revealed that there were 70 sig

nalized intersections applicable to the PSU model. To adhere to the seconc;l assumption, 
it was necessary to stratify these intersections by intersection volume levels. The 
particular volume of interest was the approach volume conflicting with left turn ma -
neuvers. Because the only volume information available was in terms of ADT, however, 
a different stratification variable had to be used. The variable selected was the average 
ADT for opposite intersection legs. This variable includes all through traffic at an in
tersection; thus, the variable is, in some sense, a measure of the volume level that a 

left turn movement must cross. 

T ABLE 1 
Calculation of average ADT's for all oppo

STUDY NETWORK CHARACTERISTICS 
site approach pairs where lett turns conflicted 
with other movements produced a set of 98 

Ur ban area 

1963 population 

Area 

Dwelling units (1963) 

rnte r zona l trips 

Traffic zones 

Total nodes 

Total links 

Lancaste r , P enn . average ADT values. Several frequency dis
103,900 

48 s q mi 

36,400 

239,776 

178 

632 

1960 

tributions of these values were prepared, using 
varying class intervals. The distribution 
given in Table 2 was selected and used as the 
basis of the left turn penalty value classifica
tion scheme implied by the second assump
tion. The selected distribution defined three 
classes of approximately equal size and a 
relatively small, low-volume class. All left 



224 

TABLE 2 TABLE 3 

FREQUENCY DISTRIBUTION OF AVERAGE ADT'S LEFT TURN PENALTIES 

Class Average ADT Range Number of Turn 
Approach Pairs Penalty 

Left Turn Penalty Values (sec) 

Set Class 1 Class 2 Class 3 Class 4 
1 0-3,000 9 

2 3,001-6,500 31 0 0 0 0 0 

3 6,501-10,000 31 
T 0 10 15 20 

4 Over 10,000 27 2T 0 20 30 40 

Total 98 3T 0 30 45 60 

turn movements in the network that were to be penalized were assigned to one of these 
four classes. 

Finally, the particular turn penalty values to be applied to each class were selected. 
The primary concerns in this selection process were to obtain penalty values that would 
span a wide range of reasonable left turn delays and to provide systematic variation of 
the values. Table 3 gives the s elec ted left turn penalties. As shown, the low-volume 
class r eceived a zel'o penalty (input as 0. 001 minute) throughout, and the relative mag
nitudes of the pena lties for classes 2 to 4 wer e held constant. 

All classes initially were given a penalty value of zero, to provide a set of assign
ment results against which to assess the effects of the PSU model. That is, the results 
obtained with tur n penalty set zero were identical to those that would be obtained us ing 
standar d intersection coding. Turn penalty s et T includes in its range the values of 12 
and 18 seconds, which have commonly been used in conjunction with previous turn pen
alty models. The remaining two sets were derived by doubling and tripling the T values. 

Implementation of the PSU model at the 70 selected intersections required the addi
tion of three nodes and eight links at each location. The final coded network thus con
tained a total of 842 nodes and 2,520 links. 

Traffic Assignment Procedure 

The choice of a traffic assignment procedure was limited to one that uses the input 
provided for the study network. Because the traffic assignment phase of the Lancaster 
study was performed with the BPR battery of traffic assignment computer progr ams, 
the BPR pr ocedure was chosen for use in the present study. This was the only logical 
choice, because selection of a different procedure would have r equil.·ed a s omewhat ar
bitrary data conversion process. 

The BPR assignment procedure features all-or-nothing loading, with as many itera
tions of capacity restraint a s desir ed. A complete description of this procedure may 
be found in the Traffic Assignment Manual {2 ). 

· Although the BPR procedure was used in This study, the BPR computer program pack
age was not used. Instead, the traffic assignment program developed to implement the 
PSU mod el (~) was modified to incorporate the essential fea tures of the BPR procedure. 

Traffic Assignment Computer Runs 

Four traffic assignment runs were made, one for each set of left turn penalty values. 
A free assignment and three iterations of capacity restraint were specified; thus each 
r un produced four sets of assi gned link volumes. The only input data that changed from 
one r un to the next wer e the tw·n penalty values. Total computer processing time 
amounted to 3,690 s econds per r un. 

Analysis of Assignment Accuracy 

Several techniques for comparing assigned link volumes with measured link volumes 
wer e used. These included the computation of weighted error by volume group, root 
mean square (RMS) error comparisons , simple linear regression, and link volume fre
quency analysis. 
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The weighted error computation is explained fully by Humphrey (7). Essentially, it 
involves calculating the percent standard error in the assigned volumes for a number 
of link volume groups and weighting these errors by the percentage of the total link vol
ume contained in each group. This statistic is calculated as 

100 s . m. q. 
J J 

100 m . s . 
Ej = __ l 

cij N 

.Z:: qi 
l = 1 

in which 

J J 
N 

" q. 
i~l 

1 

Ej weighted error for volume group j, 
4j = average ground count volume for volume group j, 

mj = number of links in volume group j, 
qi = ground count volume for link i, 
N = number of links with a recorded ground count, and 
Sj = standard error in assigned volume for volume group j. 

The standard error sj is calculated as 

mj - 1 

where 

qc = ground count link volume, 
qa = assigned link volume, and 

i = observation number. 

The summation of the weighted errors is a relative index of the accuracy of the as
signed volumes. This is computed as 

n 

in which 

Et = total weighted error in assigned volumes, 
Ej = weighted error for volume group j, and 
n = number of volume groups. 

(3) 

(4) 

(5) 

The simple linear regression technique consists of estimating the parameters of the 
following equation: 

(6) 

where qa and qc are as defined previously. This technique produces estimates of A and 
B; the standard deviations of these estimates; and the coefficient of determination R2, 
which indicates the percentage of the variation in qa which is "explained" by variation 
in 4c• Simple linear regression thus is useful for investigating the degree of correlation 
between the two variables. 
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The fourth technique used was link volume frequency analysis. This consists of 
counting the number of links having assigned volumes in various volume groups and 
comparing these totals with those obtained using ground count volumes. 

The study network contained 559 links for which measured ADT volumes were avail
able. The assigned volumes from all four iterations for each run were compared with 
the ADT volumes using the techniques dis cus sed earlier. Average assigned volumes, 
obtain ed by summing the volum es assigned to a link for each iteration and dividi ng the 
total by the number of iter ations, wer e als o compared with the measured values. 

RESULTS 

Table 4 gives summary statistics for each iteration of each assignement run. These 
results show an average underassignment of 11 to 15 percent, which is typical of as
signed traffic volumes. 

Weighted Errors in Assigned Volumes 

Figure 3 shows the effect of the left turn penalty value on the total weighted error 
in assigned volumes. In general, the total weighted error decreased as the left turn 
penalty increased to an optimum penalty value, which was in the range of T to 2T. The 
smallest error occurred with fourth iteration volumes and turn penalty set 2T, whereas 
the sharpest reduction in weighted error occurred with third iteration volumes in going 
from zero turn penalty to penalty set T. The largest decrease in weighted error from 
iteration one to iteration four occurred with turn penalty set 2T, and the smallest reduc
tion was obtained with zero turn penalty values. Note, however, that the lowestweighted 
errors occurred with average assigned link volumes where the effect of the turnpenalty 
was negligible. 

Root Mean Square Errors in Assigned Volumes 

In Figure 4, the overall RMS error is plotted against the turn penalty value. As 
might be expected, these curves are similar in shape to those of Figure 3. A 10 per
cent reduction in the RMS error occurred for the same two volume sets that showed 

TABLE 4 

SUMMARY OF ASSIGNMENT RESULTS 

Turn 
Average Averagea Total RMS Iteration Penalty Assigned 

Difference Weighted Error Number Set Volume (vpd) Error (vpd) (vpd) (percent) 

0 6,201 -1,021 41.7 3,126 
T 6,202 -1,020 41.5 3,117 

2T 6,278 -944 43.8 3,278 
3T 6,358 -864 43 .2 3,236 

2 0 6,397 -825 44.5 3,349 
T 6,166 -1,056 42.0 3,171 

2T 6,177 -1,045 41.6 3,130 
3T 6,312 -910 43.3 3,217 

0 6,262 -960 42.0 3,201 
T 6,311 -911 37.3 2,852 

2T 6,326 -896 37.8 2,869 
3T 6,391 -831 36.8 2,842 

4 0 6,191 -1,031 40 .5 3,033 
T 6,246 -976 37.6 2,853 

2T 6,341 -881 35.9 2,691 
3T 6,330 -892 37.6 2,839 

Avg 0 6,262 -960 27.8 2,148 
T 6,231 -991 28.4 2,221 

2T 6,280 -942 28 .2 2,194 
3T 6,348 -874 28.0 2,167 

a Average difference = average count - average assigned volume, = 7,222 - a>Jerage assigned volume. 
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Figure 4. Root mean square error in assigned 
volumes versus turn penalty value. 

the greatest drop in total weighted error. Once again, however, the left turn penalty 
value had little effect on the RMS error in average assigned volumes. 

Simple Linear Regression 

The results of least-squares regression analysis, in which assigned link volumes 
were compared with ground count volumes by estimating the parameters of Equation 6, 
are given in Table 5. As shown by the standard errors in the parameter estimates for 
a given iteration number, the left turn penalty did not have a statistically significant 
effect on the estimated slope and intercept values. The variance of the parameter esti
mates generally decreased slightly as the turn penalty increased from zero to 2T. 

Given these results, the coefficient of determination R2 is of particular interest be
cause it shows how closely the data are grouped around the regression line or, in this 
case, the degree of correla tion between the assigned and observed link volumes. Fig
ure 5 shows a graphical comparison of R2 values for differing turn penalty values. 
These results are very similar to those presented previously. The greatest improve
ments in R2 values occurred with the same link volume sets that showed the largest 
reductions in weighted and RMS errors. Once again the curve for average link vol
umes deviates only negligibly from the horizontal. 
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TABLE 5 

LINEAR REGRESSION RESULTS 

Intercepta Slopea 
Turn Iteration Penalty Standard R' 

Number Value Standard Set {vpd) Error Value Error {vpd) 

l 0 225 225 0.823 0.026 0.636 
T 538 220 0.784 0.026 0.624 

2T 631 236 0.782 0.028 0.590 
3T 577 237 0.801 0.028 0.600 

2 0 242 252 0.852 0.029 0.600 
T 124 230 0.837 0.027 0.635 

2T 176 226 0.831 0.026 0.640 
3T 160 239 0.852 0.028 0 .625 

3 0 -260 240 0.903 0.028 0.651 
T -361 213 0.924 0.025 0 .712 

2T -369 214 0.927 0.025 0.710 
3T -478 215 0.951 0.025 0.720 

4 0 -544 225 0.932 0.026 0.693 
T -458 211 0.928 0.025 0.717 

2T -621 201 0.964 0.024 0.750 
3T -467 213 0.941 0.025 0.720 

Avg 0 -77 146 0.878 0.017 0.823 
T -39 150 0.868 0.018 0 .814 

2T -46 151 0.876 0.018 0.816 
3T -52 152 0.886 0.018 0.817 

avolume assigned = A + B x ground count volume; 559 observations per equation. 

0 .85 

--·------------- TABLE 6 
q OVQ LINK VOLUME FREQUENCIES 

0.80 
Number of Links in Volume Rane:e 

Volume 
Range Turn Penalty Values 

(vpd X 10-') Count 
0 T 2T 3T 

0 .75 ,,.,,... .. , .. Fourth Iteration Volumes 
,, •,.---q4 ,, .. "" 0-0.5 0 44 20 24 18 ,- -,'r---- ____ ..- ft......__q 0.5-1 8 41 33 28 34 

,, 3 1-2 55 80 91 84 71 
0.70 ,,, / 2-3 64 41 59 64 69 

/ 3-5 95 69 67 68 102 
N / 5-10 186 148 168 167 138 a: 

/ 10-15 127 107 79 77 71 
15-20 17 24 34 39 51 

0 .65 20-25 6 5 8 8 5 
25-30 0 0 0 0 0 

Over 30 1 0 0 0 0 

q2 Total 559 559 559 559 559 

0 .60 qi 
Average Volumes 

0-0.5 0 1 0 0 0 
0.5-1 8 18 8 11 17 

1-2 55 78 84 79 70 
qi: link volumes for ith iteration 2-3 64 87 80 82 73 

0.55 3-5 95 84 100 100 110 
5-10 186 175 171 165 167 

0 T 2T 3T 10-15 127 94 91 100 92 

LEFT TURN PENALTY SET 
15-20 17 17 20 20 27 
20-25 6 5 5 2 3 
25-30 0 0 0 0 0 

Over 30 _l 0 0 0 0 
Figure 5. Coefficient of determination versus turn 

Total 559 559 559 559 559 
penalty value. 
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Link Volume Frequencies 

Table 6 gives the number of links having assigned volumes in various volume gr oups 
for fourth iteration volumes and average volumes, as well as for ground count volumes. 
In general, the effect of the PSU model was to produce more accurate link volume fre-

• quencies in the lower volume ranges, less accurate ones in the middle volume r anges, 
and frequencies in the high volume ranges that did not differ significantly from thos e 
obtained without the model. The same general pattern is true for both fourth iteration 
volumes and average volumes. 

ANALYSIS OF RESULTS 

Model Performance 

The effect of the PSU model on the accuracy of assigned link flow volumes depends 
to a large extent on which .5et of assigned volumes is considered. Use of the model 
increased the accuracy of the assignments for third and fourth iteration volumes, which 
are used in many urban transportation studies as the predicted link flows. On the other 
hand, the model had little effect on the accuracy of average assigned volumes, which 
are also widely used in practice. 

Perhaps the more important result to note is that the PSU model did have an effect 
on assigned volumes. This is true both for volumes resulting from a particular itera -
tion and for average volumes, as demonstrated by the link volume frequencies. Note 
also that the use of the model, in most instances, produced either beneficial or negligible 
changes in the various accuracy statistics. The principal findings of this study thus 
may be stated as follows: 

1. Minimum paths determined with the use of left turn penalties differed from those 
determined with zero penalties. 

2. Assigned traffic volumes obtained with left turn penalties were as accurate or 
more accurate than those obtained with zero penalties. 

Cost-Benefit Cons iderations 

The practicing transportation planner is interested in whether or not the cost of im -
plementing a turn penalty model is justified by the benefits it may provide. This is a 
difficult question to answer, primarily because of a lack of any recognized method of 
evaluating the benefits of a modeling technique. 

The results of this study do serve to validate the basic cost-benefit concept incor
porated into the structure of the PSU model. This is the concept of selective imple
mentation. Recall that the structure of the PSU model is such that the model need not 
be employed in describing every intersection in a network. Indeed, in the present study, 
the model was used at only 70 of the 454 possible nodes. The use of the model at this 
limited number of locations, however, did produce changes in minimum paths, with the 
effects discussed previously. The results of this investigation thus indicate that the 
use of selective left turn penalties, and the attendant limiting of network coding com
plexity and model implementation costs, is a valid traffic assignment technique. 

Left Turn Penalty Values 

The left turn penalty values that produced the most significant improvements in as
signment accuracy were generally turn penalty sets T and 2T, which encompass penal
ties in the range of 10 to 40 seconds. Because commonly used values are at the lower 
end of this range, this result indicates that better assignment accuracies might be ob
tained with existing turn penalty models by using somewhat higher turning penalty values. 
Ideally, of course, actual measured turn penalty values should be used. Difficulties in 
measuring appropriate values, however, may force continued reliance on surrogate 
techniques such as those used in this study. If such is the case, the results concerning 
penalty values may prove to be immediately useful. 



230 

The results also have implications concerning the procedure of this investigation. 
First, the turn penalty valu~s used apparently bracketed the optimum penalty values. 
Hence this study constituted an adequate test of the sensitivity of the assignment results 
to the left turn penalty value. Second, the results of the study validate the assumption 
made in developing penalty values; i.e., that the magnitude of the left turn penalty should 
vary with intersection flow volume. This statement must be tempered somewhat, in 
that the opposite condition, i.e., the use of a single penalty value for each assignment 
run, was not tested. The results, however, do show that the assumption led to accurate 
predictions of link flow volumes. 

Turn Penalties in Traffic Assignment 

Several proposed and operational turn penalty models were reviewed prior to develop
ment of the PSU model. Because the PSU model is similar to these proposed models 
in many respects, the results of this study have several implications concerning the use 
of turn penalty models in general. 

The results show that the use of turn penalties in traffic assignment is a modeling 
technique that has the potential of increasing the accuracy of traffic assignments. De
velopment, refinement, and implementation of such models thus are in order and should 
be continued. 

The results of this study also indicate that the flexible type of turn penalty model ap
pears to be the most fruitful. That is, turn penalty models that are capable of selective 
implementation and that allow different penalties for right and left turns appear to be 
more prom1s1ng. This is so because the use of models with the opposite characteris
tics will lead, in general, to use of turn penalty values of a relatively lower order of 
magnitude than may be appropriate for left turn movements, as a result of the equal 
penalizing of left and right turns. 

CONCLUSIONS 

The principal findings and conclusions of this investigation are as follows: 

1. Minimum paths determined with the use of left turn penalties differed from those 
determined with zero penalties. 

2. Assigned traffic volumes obtained with left turn penalties were as accurate or 
more accurate than those obtained with zero penalties. 

3. The use of left turn penalties appears to have more of an impact on assigned vol
umes for particular iterations than on average assigned volumes. 

4. The procedure of selectively penalizing left turn movements is a valid and useful 
traffic assignment technique. 

5. Improved traffic assignment accuracies might be obtained with existing turn 
penalty models if penalty values were made somewhat higher than those commonly 
used in the past. 

6. The use of turn penalty values_ that vary with intersection flow volume level ap
pears to be a valid procedure. 

7. The application of turn penalty models in traffic assignment is a modeling tech
nique that has the potential of significantly increasing assignment accuracy. The de
velopment and implementation of such models thus should be continued. 
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