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ABSTRACT 

Temporal and spatial imbalances in truck flow often occur in mining operations due to fluctuating production demands 
and varying operational conditions. In current mining road systems, lane directions are typically unrestricted, allowing 
trucks to travel in both directions. However, each lane can only be occupied by one truck at a time, leading to congestion 
on certain roads while others remain underutilized. To address this issue, this paper proposes a novel approach that imposes 
directional restrictions on mine lanes and introduces operational direction schedules to optimize mixed-mine truck flow. A 
bi-level programming model is formulated to solve this problem, incorporating both the reconstruction of mine lanes and 
the scheduling of their operational directions. In the upper-level model, the number of controlled mine lanes and scheduling 
plans are determined to minimize the total operational cost. The lower-level model captures the behavior of mixed-mine 
truck flow, where both connected autonomous mine trucks (CAMTs) and connected human-driven mine trucks (CHMTs) 
follow a user equilibrium principle. Factors such as value of time (VOT) and fuel consumption are included in the 
generalized cost function. A numerical example based on a typical mining network is conducted to illustrate the 
effectiveness of the proposed solution. The results indicate that the introduction of operational direction schedules can 
significantly improve the overall efficiency of the mining transportation system. 

Keywords: Mine lanes; mixed-mine truck flow; reconstruction strategy; operational direction schedules; operational 
efficiency improvement 

1. INTRODUCTION 

In mining operations, temporal and spatial imbalances in truck flow frequently occur due to fluctuating production 
activities, variable operational conditions, and equipment usage schedules. These imbalances can lead to congestion in 
certain mining roads where the number of mine trucks is huge, while other routes remain underutilized, resulting in 
inefficiencies and increased operational costs. Typically, mining roads allow trucks to travel in both directions, but each 
lane can only be occupied by one truck at a time due to safety concerns. This unrestricted use of lanes, without proper 
control of mine truck direction, can exacerbate congestion on busy routes and create an inefficient use of available road 
capacity. To address these challenges, it is crucial to reconstruct certain mining lanes and control the direction of truck 
flow on these lanes, for instance, by deploying signal lights to manage the lane directions. By regulating lane directions 
and establishing time-dependent operational direction schedules, it is possible to alleviate congestion and enhance the 
overall efficiency of the mining transportation system. 

Over the years, many studies have focused on improving road utilization and mine truck flow management in various 
sectors, but there is limited research on the specific needs of mixed-mine truck flow in mining operations, where both 
autonomous mine trucks (AMTs) and human-driven mine trucks (HMTs) coexist[1]-[3]. The operational characteristics of 
AMTs differ significantly from those of HMTs, particularly in terms of speed, safety protocols, and decision-making 
processes[4]-[5]. This introduces new complexities in managing mine truck flow, especially when determining optimal lane 
usage and direction scheduling[6]-[7]. Traditional approaches that treat all mine trucks homogeneously are inadequate for 
addressing the unique requirements of mixed-mine trucks transportation systems. To optimize the flow of both AMTs and 
HMTs, it is necessary to reconstruct lane management strategies and introduce operational direction schedules that account 
for the varying operational demands. Implementing such a system would not only improve mine truck flow efficiency but 
also enhance overall productivity and reduce operational costs in mining environments. 
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This paper investigates the problem of optimizing lane direction control and operation schedules in a mixed-mine truck 
flow environment, where both connected autonomous mine trucks (CAMTs) and connected human-driven mine trucks 
(CHMTs) are involved simultaneously. The main contributions of this paper are as follows: Firstly, we propose a novel 
approach that introduces lane direction control and operational schedules to address the temporal and spatial imbalances 
of mixed-mine truck flow in mining operations. By restricting and scheduling lane directions dynamically, we aim to 
improve road utilization and reduce congestion caused by uneven distribution of mixed-mine truck flow. Secondly, a bi-
level programming model is developed to optimize the reconstruction strategy and the operational direction schedules. In 
the upper-level model, the number of controlled mine lanes and schedules are determined to minimize total operational 
costs, while in the lower-level model, we capture the behavior of mixed-mine truck flow consisting of CAMTs and CHMTs. 
The model accounts for factors such as the VOT and fuel consumption in the generalized cost function, reflecting the 
differences between CAMTs and CHMTs. Thirdly, we conduct a numerical case study based on a typical mining 
transportation network to demonstrate the effectiveness of the proposed solution. The results show that implementing 
operational direction schedules and lane control can significantly enhance the efficiency of mixed-mine truck flow, 
reducing overall operational costs and improving productivity. 

2. MATHEMATICAL FORMULATION 

The reconstruction and operational direction schedules problem of mine lanes with CAMTs and CHMTs simultaneously 
is built as a bi-level programming model. We divide the planning time horizon into several time intervals. The specific 
operational direction schedules of mine lanes is developed within each time interval. The proposed problem can be 
described as follows: A directed graph 𝐺ሺ𝑁, 𝐴ሻ is defined to represent the mine transportation network, where the node 
set N  includes all intersections in the mine transportation network, and arc set A  denotes the set of all lanes. Let 

 1, 2M   denotes the set of different types of mine trucks, where 1m  represents CAMTs, and 2m   represents 

CHMTs. h
at  depicts the travel time on lane a  within time interval h , which is associated with the mixed-mine truck 

flow consisting of CAMTs and CHMTs. Not only the reconstruction strategy of mine lanes, but also the operational 
direction schedules of mine lanes in a given planning time horizon H   are determined simultaneously. The mine 
transportation network can be illustrated as Figure 1. 

 

Figure 1. An illustrated example for the mine transportation network. 

2.1. Network equilibrium model with mixed-mine truck flow 

In this paper, we assume that AMTs and HMTs are connected trucks, namely CAMTs and CHMTs respectively. And they 
can access to the real-time information in the mine transportation network, such as congested road segments and accident 
spots. Then, all CAMTs and CHMTs would choose their routes based on user equilibrium principle. We adopt equation (1) 
to describe the travel time of CAMTs and CHMTs on lane a , which is a strictly monotone increasing function to the lane 
flow. 

 
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The driving behaviors of CAMTs and CHMTs are different. Compared to CHMTs, CAMTs could take quicker reactions. 
Moreover, CAMTs can maintain reduced headways with the trucks in front of them. Since the headways of CAMTs are 
smaller than the CHMTs, the road capacity will be improved. Levin and Boyles[8] considered the capacity of lane a  was 
influenced by the ratio of CAMTs. They assumed that all CAMTs were with same reaction time 1 , and reaction time of 

all CHMTs were 2 . Then, the capacity on lane a  ( a A ) with mixed-mine truck flows can be calculated as follows: 

1 2

1 21 2 1 2

1
a a h h

a a
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 (2) 

When only CAMTs are involved in the mine transportation network, then the relationship of mine truck flow 
1 1 2h h h
a a av v v   can be obtained. Hence, the capacity 1aQ  of each lane a  ( a A ) can be calculated as follows: 
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Similarly, we can obtain the capacity 2aQ   of each lane a   ( a A  ), when only CHMTs are involved in the mine 

transportation network: 
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According to equations (3) and (4), reaction time of CAMTs and CHMTs can be calculated as follows: 
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Substituting equations (2), (5) and (6) into equations (1), which yields travel time on lane a : 
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 (7) 

Since there are some difference in CAMTs and CHMTs, a generalized travel cost function is adopted in the proposed 
problem to figure out the travel cost of CAMTs and CHMTs. The VOT has an impact on the travel route choices. In 
addition, fuel cost is another factor to influence the travel route choices. Taiebat et al.[9] found that CAMTs could improve 
the energy efficiency and reduce the fuel cost. We incorporate the VOT and fuel consumption into the travel cost function 

to calculate the travel cost of CAMTs and CHMTs respectively. Hence, the travel cost  1 2,hm h h
a a at v v  of CAMTs and 

CHMTs on lane a  can be formulated as follows: 

   1 2 1 2, ,hm h h h h h
a a a a a a m m at v v t v v VOT E       (8) 

The VOT of mine truck type m  is represented by mVOT . Parameter aE  denotes the fuel consumption of each mine 

truck on lane a . The unit price of fuel is depicted by parameter  . Parameter m  is the rate of fuel consumption of 

mine truck type m . Here, equation (8) is also a strictly monotone increasing function to lane flow of either CAMTs or 
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CHMTs. Then, the network equilibrium model is then formulated as: 

[NE-MTF-h]: 

,hm hm
w w wq m M w W h H     Δx E ，  (9) 

0 , , ,hm
wax a A m M w W h H      (10) 

, ,hm hm
a waw W
v x a A w W h H


     (11) 

 1 2
, , ,, 0 , , ,hm h h hm hm hm

a a a w i w j w at v v a A m M w W h H           (12) 

, 0 , , ,hm hm
w a wax a A m M w W h H        (13) 

, 0 , , ,hm
w a a A m M w W h H       (14) 

Where Δ   denotes the node-lane incidence matrix associated with the investigated mine transportation network. 
| |NwE R  is a vector with 2| N |   zero components and 2  none-zero components, where non-zero components 1 

and 1   denote the origin and destination, respectively. hm
wx   is a vector composed of all lane flow between origin-

destination pair w   within time interval h  , i.e.,  hm hm
w wax


x     for each lane a A  , and ,

hm
w a   is an auxiliary 

variable. The network equilibrium condition within time interval h  is defined by [NE-MTF-h]. Constraints (9) guarantee 
the flow conservation of each mine truck type between origin-destination pair w . Constraints (10) ensure path flow of 
each mine truck type on lane a  is non-negative. Constraints (11) elaborate the relationship between lane flow and path 
flow, i.e., lane flow is obtained by aggregating path flow. Constraints (12) - (14) are complementary slackness conditions, 
indicating that all utilized paths have the same and minimal travel cost. 

2.2. Operational direction schedules problem with mixed-mine truck flow 

In mining operations, fluctuating transportation demands can lead to temporal and spatial imbalances in truck flow, 
negatively impacting operational efficiency and causing underutilization of road resources. Therefore, it is necessary to 
develop several different schedules of mine lanes to accommodate the fluctuating transportation demand, i.e., dynamically 
adjusting the operational directions of mine lanes within each time interval. In general, mine lane direction management 
problem with mixed-mine truck flow (MLDMP-MTF) should take reconstruction and the scheduling of lane directions 
into consideration simultaneously. [MLDMP-MTF] is modeled to minimize the total reconstruction cost and total travel 
cost of CAMTs and CHMTs during the planning time horizon. Several additional notations are defined as follows: Let 
binary variable ay   represent whether lane a   is reconstructed. For each route c  , let parameter cY   represent the 

maximum number of reconstructed lanes on route c . Parameter   is a conversion coefficient of reconstruction cost to 

travel cost. With the above notations, [MLDMP-MTF] can be described as following: 

[MLDMP-MTF]: 

     
0

min , , ,
hm
av hm

a a
a A h H m M a

Z t d C
  

   v y μ v μ v y (15) 

s.t. (10) - (12)
0 ,a cy Y a c c R     (16) 

0 , , ,h h
a b a by y a b A a b h H         (17) 

 0 1 0h
a b ay , y , , and integer a,b A,a b,h H      (18) 

Where function aC  denotes the reconstruction cost. Objective function (15) aims to minimize the total operational cost, 

where the first part corresponds to the total travel cost of CAMTs and CHMTs during the planning time horizon, and the 
second part implies the total reconstruction cost. Constraints (16) limit the maximum number of reconstructed lanes on 
route c . Constraints (17) denote the relationship between   and y . Constraints (18) denote the domains of variables 

ay , by , and h
a .
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3. SOLUTION ALGORITHM 

Since [MLDMP-MTF] can be formulated as a DNDP problem, we develop a modified active-set algorithm, which is 
motivated by Zhang et al[10] to solve the proposed problem. Before introducing the active-set algorithm, we first do some 
reformulations to the [MLDMP-MTF] as follows: Let parameter a  represents the minimal integer that satisfies the 

function 2 1a
cY

   , then we can reformulated the variable ay   as 1

1
2a

a ay y
  





    for any lane a A  , where 

index [1, ]ha   . Similarly, let parameter h
a    represent the minimal integer which satisfies the function 

' 2 1
h
a

c cY Y      , then variable h
a   can be reformulated as 1

1
2

h
ah h

a a

  


 
 


    for each lane a A   within time 

interval h H  , where index [1, ]ha    . It is noted that variables ay
   and h

a
   are all binary variables. Then, 

[MLDMP-MTF] can be reformulated as below: 

Objective function (15) 

s.t. (10) - (12) 

1 1 1 1

1 1 1 1
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h h
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 0,1 , [1, ]ha ay a A        (20) 

 0,1 , , [1, ]h h
a aa A h H          (21) 

where constraints (19) - (21) are equivalent to constraints (16) - (18). And the integer variables proposed above are all 
transformed into binary variables. We further convert the constraints (20) and (21) with substituted variables 0 , 1 , 

0h
  and 

1h
  to include the ( , )a   let ay

  equal 0, the ( , )a   let ay
  equal 1, the ( , , )a h   let h

a
  equal 0, and 

the ( , , )a h   let h
a
  equal 1, respectively. Then, the proposed model can be described as modified mine lane direction 

management problem with mixed-mine truck flow (MMLDMP-MTF). 

When ay
   and h

a
   are determined, [MMLDMP-MTF] can be regarded as the mixed-mine truck flow assignment 

problem which follows the user equilibrium principle. The detailed processes of applied active-set algorithm are similar to 
those given in Zhang et al[10]. 

4. NUMERICAL EXAMPLE 

In this subsection, the numerical example is conducted on the basis of the Sioux Falls network as shown in Figure 2 to 
illustrate the proposed model and algorithm. The Sioux Falls network is a medium-scale network consisting of 24 nodes. 
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Figure 2. The Sioux Falls network. 

Proc. of SPIE Vol. 13421  1342105-5



Based on the original data of the Sioux Falls network, we describe the capacity of each lanes in Figure 2.  
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(a) The flow ratios of CAMTs during the daytime 
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(b) The flow ratios of CAMTs during the nighttime 
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(c) The flow ratios of CHMTs during the daytime 
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(d) The flow ratios of CHMTs during the nighttime 

Figure 3. The mine truck flow situations without reconstruction of mine lanes. 

We define the planning time horizon 2H  , which includes daytime 1h  and nighttime 2h .During the daytime, the 

transportation demand is huge, while the transportation demand is small during the nighttime. To reveal the phenomenon 
of temporal and spatial imbalance of mine truck flow during the daytime and nighttime in the open-pit mines, we do some 
adjustments to the transportation demand accordingly. For analytical convenience, the reconstruction cost of each lane is 

assumed to be the same. Then, we formulate the reconstruction cost function  aa
C y   as a linear function, i.e., 

 
aa aa a

C c y y  , where parameter ac   represents the reconstruction cost of each lane. Other default model 

parameters are assumed as follows: The capacity of CAMTs on each lane is twice that of CHMTs on each lane, i.e., 

1 22a aQ Q . With respect to the travel cost  1 2,hm h h
a a at v v  of CAMTs and CHMTs, unit fuel price   and fuel consumption 

aE  are set as 1 and 0.1 respectively. Since CAMTs can reduce the fuel cost, the rate of fuel consumption 1  is 0.85. The 

rate of fuel consumption 2   for CHMTs is 1. The VOTs of CAMTs and CHMTs is set as 5 and 10, respectively. 

Conversion coefficient of reconstruction cost to travel cost   is set as 1. 
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Figure 4. The operational direction schedules of mine lanes. 

To validate the impact of reconstructed lanes on the operational performance of mine transportation network, the total 
travel cost with reconstructed lanes and without reconstructed lanes are compared. Figure 2 shows the mine truck flow 
situations without reconstructed lanes. It is noted that m hm

a ah
v v , where m

av  denotes the flow of mine truck type m  

on lane a   during the planning time horizon. Although the results of mine truck assignment vary from CAMTs and 
CHMTs in Figure 3, the directions of heavy traffic are consistent in the scenarios involving CAMTs only and involving 
CHMTs only, such as lane [1, 3] during the daytime (see Figure 2 (a) and (c)) and lane [4,3] during the nighttime (see 
Figure 2 (b) and (d)). Besides, the phenomenon of temporal and spatial imbalance of mine truck flow exists in both 
scenarios. As shown in Figure 2, it can be observed that the temporal and spatial imbalance of mine truck flow exists on 
many lanes in the mine transportation network, such as lanes [5, 9], [9, 10] and [15, 22]. For instance, the traffic on lane 
[5, 9] is much heavier than that on lane [9, 5] during the daytime (see Figure 2 (a) and (c)). However, the traffic on lane [9, 
5] is heavier than that on lane [5, 9] during the nighttime (see Figure 2 (b) and (d)). Therefore, the reconstruction and 
operation direction schedules of mine lanes appears reasonable. 

Without the consideration of reconstruction cost, the optimal operational direction schedules of mine lanes are shown in 
Figure 4, where the number of reconstructed mine lanes marked in red is 16. Since lanes [12, 11], [9, 10], [8, 16], [15, 22], 
[19, 20], and so forth are the main lanes, the reconstructed mine lanes are coincident with commonsense. In particular, 
one-way traffic is involved in our organization. When implementing the operational direction control technology, lanes [8, 
16], [12, 11] and [20, 19] are one-way streets during the daytime, while lanes [16, 8], [11, 12] and [19, 20] are one-way 
streets during the nighttime. With the reconstruction of mine lanes, the total travel cost of CAMTs and CHMTs reduces by 
21.6%. In general, the effect of operational direction schedules of mine lanes is significantly obvious. The different 
deployment schedules corresponding to the daytime and nighttime improve the overall operational performance of mine 
transportation network. 

5. CONCLUSION 

This paper addresses the problem of optimizing lane direction control and scheduling in the context of mixed-mine truck 
flow, where both CAMTs and CHMTs are involved. Unlike traditional lane management approaches that allow unrestricted 
lane usage, this study introduces directional restrictions and operational schedules to alleviate congestion and improve 
road utilization. A bi-level programming model is developed, which simultaneously considers the reconstruction of mine 
lanes and the scheduling of their operational directions. The upper-level model determines the optimal number of controlled 
lanes and operational schedules to minimize total operational costs, while the lower-level model captures the behavior of 
the mixed-mine truck flow, incorporating factors such as fuel consumption and value of time (VOT) into the generalized 
cost function. To illustrate the proposed model, the numerical example is conducted based on the Sioux Falls network. The 
results suggest that reconstruction of mine lanes can play a significant role in reducing the total travel cost of mixed-mine 
truck flow. 

This paper can be extended in several directions in the future research. First, the operational direction schedules can be 
combined with evacuation strategies to improve system resilience in the event of unexpected disruptions. Additionally, this 
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study focuses on a deterministic scenario and does not account for uncertainties. Future research could explore the impact 
of incorporating uncertain parameters into the lane direction control and scheduling framework. 

ACKNOWLEDGEMENTS 

This research is supported by the National Natural Science Foundation of China (52225209 and 52232011) and the 
Academic Excellence Foundation of BUAA for PhD Students. 

REFERENCES 

[1] Pyakurel, U. and Dhamala, T.N., Continuous dynamic contraflow approach for evacuation planning. Ann. Oper. 
Res. 253(1), 573-598 (2017). 

[2] He, X., Zheng, H., Peeta, S. and Li, Y., Network design model to integrate shelter assignment with contraflow 
operations in emergency evacuation planning. Netw. Spat. Econ. 14(4), 1027-1050 (2018). 

[3] Bagloee, S.A., Johansson, K.H.and Asadi, M., A hybrid machine-learning and optimization method for contraflow 
design in post-disaster cases and traffic management scenarios. Expert Syst. Appl. 124, 67-81 (2019). 

[4] Zhao, Y., James, R.M., Xiao, L. and Bared, J., A capacity estimation model for a contraflow left-turn pocket lane 
at signalized intersections. Transp. Res. Record. 2672(17), 22-34 (2018). 

[5] Liu, P., Wu, J., Zhou, H., Bao, J. and Yang, Z., Estimating queue length for contraflow left-turn lane design at 
signalized intersections. J. Transp. Eng. A: Syst. 145(6), 1-9 (2019). 

[6] Kotagi, P.B. and Asaithambi, G., Microsimulation approach for evaluation of reversible lane operation on urban 
undivided roads in mixed traffic. Transportmetrica A. 15(2), 1613-1636 (2019). 

[7] Xie, C. and Turnquist, M.A., Lane-based evacuation network optimization: An integrated Lagrangian relaxation 
and tabu search approach. Transp. Res. C: Emerg. Technol. 19(1), 40-63 (2011). 

[8] Levin, M.W. and Boyles, S.D., A multiclass cell transmission model for shared human and autonomous vehicle 
roads. Transp. Res. C: Emerg. Technol. 62, 103-116 (2016). 

[9] Taiebat, M., Stolper, S. and Xu, M., Forecasting the impact of connected and automated vehicles on energy use: 
A microeconomic study of induced travel and energy rebound. Appl. Energy. 247, 297-308 (2019). 

[10] Zhang, L., Lawphongpanich, S., Yin, Y., An active-set algorithm for discrete network design problems. 
Transportation and Traffic Theory 2009: Golden Jubilee. 283-300 (2009). 

Proc. of SPIE Vol. 13421  1342105-8


