
ABSTRACT
Air-to-ground strike has become one of main forms of modern warfare, and the guided bomb 
release is an important and key part of the attack. The guided bomb release planning aims to 
accomplish a precise target hit in enemy’s region while guarantee the pilot’s safety. We propose 
a robust Monte Carlo method by taking error perturbations into consideration, comparing to the 
traditional sequential quadratic programming method under extreme conditions. At the same 
time using a distributed virtual physics environment we can obtain much more detailed realism 
relative to the conventional simulator running on a single machine. The experimental results 

Furthermore, the 3D visualised environment plays a very important role in training pilots, so this 
simulator will decrease the cost and time requirements of physical experiment that are not always 
compatible with strict military task.
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INTRODUCTION
As a vital and kernel part of air-to-ground strike, GBRP (guided bomb release planning) serialises 
the whole attack sequences to optimise release for maximised hit probability and damage effect 
as well as pilot’s security. Generally speaking, in the process of GBRP a tiny perturbation to the 

unreachable, or unfeasible, even irremediable. In order to increase hit probability we are trying 
to set aside redundant margin for the theoretical waypoint with a robust effect. And to this end we 
designed a DVE (distributed virtual environment) considering physics and stochastic processes 
to emulate uncertainties and perturbations in a GBRP.

planning system) based on expensive mainframe and UNIX platforms. In 1983 the MSS (mission 

or DTC (data transfer cartridge), though pilots were faced with 2D GUI (graphic user interface) 
(1). With the development of the third generation of MPS, 

the WRP (weapon release planning) evolved into a dedicated component with high integration 

 Manoeuvre planning for target region
 WRP parameterisation

 WRP error analysis
 Maximised damage coverage
 WRP waypoint computation

Essentially, WRP should not be treated as a decision making system, but as a set of assisting 
intermediate computing software. References 2 and 3 provide an overview of the status quo of 
simulation and computation methods for various guided bombs, and an aircraft route planning 
algorithm is shown. The release methods and effectiveness evaluation algorithms can be seen in 
Refs 4 and 5. In addition, there are some other WRP cases shown in Refs 6, 7 and 8. On the whole, 
these systems have no distinct characteristics relative to the WRP of US Army.

During the corresponding period of WRP, the United States DoD (Department of Defense) 
developed a protocol for real-time interactive battle DVE called SIMNET(9). Recently, there has 
been much interest and research in the area of DVE, and the existing DVEs were mainly applied 
to military simulations(10,11), social VW (virtual worlds) and MOGs (multiplayer online games). 
These different applications running in addition to a DVE may impose different requirements. 
However, there are some fundamental requirements that are common to most DVE-based appli-
cations, namely:

 Consistency: In order to have meaningful user experiences in a DVE, each client has to 
perceive the same state of the virtual environment. To do so, the DVE architecture needs 
to ensure an almost simultaneous distribution of the virtual environment state to the active 

of the client demand make consistency in DVEs a very challenging task(12,13).
 Responsiveness: User experience is positive when they perceive changes in the virtual 

environment state, quickly enough e.g., neighbor movements or the creation of a new entity. 
Thus, clients need to be informed in real-time about any action performed as well as its 
consequence. Different DVE-based applications have different responsiveness requirements, 
e.g., 300ms for MOGs and 1s for VWs(14).
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 Scalability: DVE aims at interconnecting millions of clients within a shared environment, 
i.e., DVEs should ideally scale to an unlimited number of participants. Precisely, a DVE 
architecture is required to sustain a theoretically unbounded growth in the client demand 
with a sub-linear impact on the user experience(15).

 Persistency: Contents within a DVE may need to exist persistently. For instance, information 
about a client score as well as user-generated entities should not be lost during the evolution 
of the virtual environment(16).

 Security: In computer science, security is the prevention of risk or danger such as the 
exposure, destruction or alteration of personal information(17). Applications running on top 
of a DVE have created complex virtual economies as well as strong competitions among 
clients. Therefore, a DVE architecture needs to guarantee security in order to ensure fairness 
among its clients as well as private information. Nevertheless, cheating has recently emerged 

packet transmission or modifying the client instance(18). 
Recently, military simulation research evolved into the HLA (High Level Architecture)(11) 

IEEE standard. HLA does not specify any particular technology, but simply provides a general 
architecture for distributed simulation, e.g., training operators of tanks, aircraft and ships, and 
to use multiple types of vehicles in the same simulation. Thus, HLA can be used for military 
simulations as well as for MOGs. While in November 2004 World of Warcraft (WoW) became 
the most famous MOG counting more than 15 million players, i.e., the largest players community 
in the history of MOGs. The main reason of WoW success is its attention to new-players: WoW 
makes very easy for its players to learn the game. Similarly to EverQuest, WoW leverages a C/S 
architecture where the game-play is replicated over different servers. With respect to both load 

Guided bomb release should be executed in a distributed and collaborative environment 
with antagonists, and in order to optimise planning globally we should also consider kinds 
of uncertainties like threat situation, weapon performance, tactics requirements, weather 
condition, regional shelter, and target characteristics etc. Because of the execution risk and 
cost, based on Monte Carlo methods, we design an interactive DVE as a virtual test-bed to 
improve GBRP robustness. The virtue of our methodology resides in that the residual traces 
left by using DVE are stable, and the planner can examine them at leisure while the pace 
of action can be varied at will. Savings in cost and (preparation) time therefore also have 
another, indirect, effect: this DVE provides the possibility to perform learning sequences in 
which one takes account of previously unanticipated results. In this way, this DVE allows 
testing hypotheses that are not constrained by the logical bounds of the premises on which the 
simulation is based. It thereby enables non-conservative plan, which is important to achieve 
any distinctive new plan.

This paper is organised as follows. Section 1 is an introduction and provides an overview of 
related works. Section 2 describes this system architecture, and the physics models for the aircraft 
and guided bomb are presented in Section 3. In Section 4 the whole release process is serialised 
into tactical sequences, and the optimised solution is obtained. For network communication, 
parallel to the popular military simulation and multiplayer games, a set of collaborative frame-
works are designed in Section 5. An example of implementation and an analysis of simulation 
results are described in Section 6. Finally, in Section 7 the conclusion is given.
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2.0 A SCALABLE AND EXTENSIBLE SYSTEM ARCHITECTURE
As we can see in Fig. 1, this DVE uses the ECA (entity-component-action) model as a basis for 
constructing scalable and extensible environments. This model was adapted from contemporary 
game engine architectures. Entities are unique identities, with no data or typing. They aggregate 
components, which can be of any type and store arbitrary data. Applications built using this 
client framework can add their own components so they have the data they need for their own 
functionality. The code that handles the data exists in preinstalled custom modules or in scripts 
loaded at runtime as a part of the application data. To get a matching server counterpart where 
the environment is entirely built with entity components, the server component was added to the 
client codebase and a new protocol without application-level assumptions. This DVE consists of 
both client and server executables.

The DVE platform provides basic functionality for all ECAs: persistence, network synchronisation 
among all the participants via a server framework, a user interface for manipulating components 
and their attributes, and, eventually, will support security. In addition, this DVE introduces the 
concept of entity actions, a simple form of remote procedure call.

The reason that this architecture  is used is the set of customised GBRP solution requirements, 
which users might want to implement themselves. In these cases it cannot be assumed that the 
users implementing the new features have deep knowledge of the insides of the whole GBRP 

not be a requirement for implementing new features. A GBRP use case can be seen in Fig. 2, where 
each column in the diagram represents a list of identical components, each row can be thought 

a collection of components. The components themselves can be treated as being independent of 

user to disable and enable new plug-ins at runtime. 

Figure 1. An abstract architecture of this DVE based on ECA model.
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In the present models, physics in GBRP is performed primarily by the server. There are client 

thought of as physics-related. However, the really important observation is that presently only the 

While the script or in other words client-side scripting is the execution of sandboxed Python on 
the client, not the server, avoiding latency and security issues. It is generally the same technique 
as used in the web by running JavaScript in the web browser.

3.0 PHYSICS MODEL FOR AIRCRAFT AND GUIDED BOMB

3.1 The aircraft model

As shown schematically in Fig. 3, the six degrees of freedom comprise of the three spatial 
co-ordinates (x,y,z
air-to-ground strike the equations of aircraft motion with six degree-of-freedom will be solved by 

so in GBRP process reducing the motion formulation to a three degree-of-freedom system can 

    . . . (1)

where nx, ny are the loads in the tangential and normal directions respectively, v stands for the 
velocity of the aircraft, and g is the gravity acceleration.

Now based on Equation (1), we can deduce different dynamics models for the tactics movements 
in GBRP. For example, the uniform straight motion should follow formulations

Figure 2. A GBRP entity with virtual object composition using components.
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      . . . (2)

where P is the course short and D L is the force applied to the aircraft in the 
normal direction and R is the radius of straight motion, so considering the characteristics of uniform 
motion the straight aircraft should experience zero nx and a normal load

     . . . (3)

     . . . (4)

 
 . . . (5)

Figure 3. Rigid body dynamics Schematic  
for the aircraft and bomb in GBRP.

Figure 4. POPUP release serialisation.

Figure 6. HADB release serialisation.Figure 5. TOSS release serialisation.
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     . . . (6)

  . . . (7)

However, according to the energy conservation law in the recovery section the aircraft reacts 

   

. . . (8)

nx and ny 
from Equation (1).

3.2 The guided bomb model

Theoretically, the description of the released guided bomb is the same as that of the aircraft, so 

   . . . (9)

where Q nz is the load in lateral direction.

3.3 Variable separation model

A change of loads will occur in the release when the bomb separates from the aircraft, and then 
the thrust-weight ratio shifts with it, which impacts on the aircraft. Given the total weight of the 
aircraft containing  the weight of the bomb Mb and the aircraft Ma before release M = Ma + Mb, 
lifting force L and propelling force F, we can obtain nx = (F – D)/M and ny = (L – M)/M while 
after release nx = (F – D)/Ma and ny = (L – Ma)/Ma.

4.0 RELEASE ANALYSIS AND OPTIMISATION

4.1 The common tactics for the aircraft

In a GBRP there exist three common tactics for the aircraft, that is, POPUP as in Fig. 4, TOSS as 
in Fig. 5 and HADB (high altitude dive bombing) as in Fig. 6, where the former two tactics opt for 

OA1 at maximum height to attack target with aiming point OA2, and then escapes. The detailed 
waypoints in a POPUP attack can be seen in Fig. 7 and the corresponding notation of these points 
can be seen in Table 1.
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4.2 The release optimisation based on SQP (sequential quadratic programming)

The SER (space extent for release) is dependant on many uncertain parameters like weapon 

the weapon and the parameters decoupled with spatial dimension besides v

parameters will work. Now we adopt the maximised release distance from the target as an optimum. 
Because of the bomb’s off-axis, the SER will depend on X and Z in the ground plane co-ordinate 

derive unifrom Pareto points on the boundary, a total distance D from Rel to the target, and Dx/Dy 
from Rel to X/Y

. . . (10)

where k1, k2, k3 are the weights of the parameters respectively, associated with the upper bound 
Max(f) and the lower bound Min(f) of the SQP with accelerating convergence towards the optimum.

As shown in Fig. 7 from AP to Rel, the aircraft will carry out a sequence of acts including 
Hsearch at AP should meet the search condition for the target, 

Figure 7. Scheme of waypoints in a POPUP.

Table 1 
Waypoint notation

 Waypoint Denotation

 IP Initial point
 AP Action point
 PUP Pull up point
 Climb Maximum angle of climb
 PDP Pull down point
 Apex The highest point in the aircraft route
 MAP Manoeuvre action point
 Rel Release point
 WIP Weapon impact point
 Esc Escape point

f k D k D k Dx y  1 2 3
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correlating with the distance between the aircraft and the target, since the higher at AP and the 

   . . . (11)

where Hrel, Hap, Hlevel Tc is a time interval 
of climb. If v

    . . . (12)

    . . . (13)

4.3 The release optimisation based on Monte Carlo

determining the effectiveness of the whole air-to-ground strike(19). Hitting the target is of the greatest 

of various uncertainties and perturbations to the ideal waypoints in practical situations. Finding 
a method for measuring waypoint perturbation will be the key to improve the hit probability and 

With probability theory, given most parameters and perturbations obeying the normal distri-
bution N, we have the relation between the  variable X-N 2) and the standard normal variable 
X-N

     . . . (14)

    . . . (15)

where j is the index of the parameters and i represents the sample order, M(Aj) is the mathematical 
expectation about Aj Ajmax Aj j is a normal 
random obeying N(0,1/3) approximately.

From the perspective of stochastic procedure, we propose a robust and reliable release planning 
based on Monte Carlo algorithm described as follows,
Step 1.   Determine all of the parameters correlating with the planning results and their distribution 

Hlevel.
Step 2.   Serialise release sequences and construct the corresponding models, as well as the ideal 

waypoints.
Step 3.   Generate sample values for stochastic perturbation variables based on the distribution law 

and probability model, calculating deviation ranges by referring to the ideal waypoints. 
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parameters to calculate deviation ranges again.

Step 6. End.

Applying the algorithm to a release, we should also make a detailed reverse planning analysis 
from AP to Rel and from IP to AP etc as mentioned in Section 5.2, the analysis procedure and 
simulation results are shown in Section 7 with comparisons.

5.0 NETWORK COMMUNICATION FOR DVE
Usually, operational patterns for modern warfare work in cooperation with various distributed 

release procedure of single aircraft to single target no longer meets the advanced air-to-ground 
attack needs. The simulation based on a single machine should be replaced with the distributed 
interactive simulation, that is, all of the simulation actors such as planners, pilots, antagonists 
located on different client machines should login the same shared virtual environment grid 
server to undertake respective tasks.

5.1 Network interface

The design of low level network interfaces for communication is based on the idea that the 

protocol allows easy changes to the packet data format and addition of new custom packet 
types later on, and it also functions as a form of documentation of the protocol. The communi-
cation works using two different methods. XML-RPC over HTTP is used to perform the initial 
connection handshake and login, which is followed by a stream of UDP messaging, until the 

Figure 8. Network communication design.
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client disconnects. This low-level connection library encompasses both of these and provides 
the client with a suitable application-level interface.

The library is based around two active classes, NetMessageManager and 
PocoXMLRPCConnection, as seen in Fig. 8, which provides the application with the capabilities 
to connect to the server. The classes drawn in gray contain data or represent resources and do 
not perform any global state changes or communications of their own. The orange packages 
represent dependencies to external open source libraries.

NetMessageManager handles a single bidirectional UDP communication channel between 
the client and the server. It implements the necessary low-level UDP protocol features, like 
trusted transmission, reliability, resending of packets, pinging etc.. It also provides a way 

uses the methods of NetInMessage to query both the type and content of the message. In 
order to send out messages, the application uses the NetOutMessage structure. The methods 

-
cation calls FinishMessage() to send out the message. To perform the initial XML-RPC login, 
the application uses the PocoXMLRPCConnection class. It handles the crafting of the request 
and serialises it over the network. When the reply is received, PocoXMLRPCConnection 
interprets it and passes it back to the application in a readable form.

5.2 The GBRP viewer platform

The client is a viewer designed to complement the GBRP server-side platform. As a platform 

enables a large number of web-based applications, it must offer core functionalities, and then 
open extensibility of that core through scripting and modules. At the same time, as a networked 
platform, the viewer cannot rely on any one protocol, or allow one protocol’s assumptions to 
penetrate the design too deeply.

The core functionalities of the GBRP viewer are streaming and rendering interactive 3D 
scenes. To extend the core functionalities for a number of uses such as telecommunication, 
planning, or bombing, we rely on the framework to provide a deeply integrated module system. 
Modules must not assume anything about other modules, and rely only on the services provided 
by the framework. While a 3D scene may be assumed to be fundamental to a viewer, we wish 

be tied to the renderer.

understands the local messaging and event system, and can generate replies in coordination 
with other modules. One may consider such modules as agents interacting in self-interest, 
over a shared space with a shared channel. To minimise the overhead of messaging or events, 
and maintain the real-time nature of the simulation, we seek to limit the number and size of 
messages or events. Modules keep their own data, expose a limited subset of their state to 
other modules, and send only terse updates to explicitly subscribed modules. We also note 

of such messaging.
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Figure 10. Visualising the threat coverage.

Table 2
Threats location 

Threat position X(km) Y(km) Z(km) Threat type 
coverage(km)

The ground-to-air missile position 164·5 74 70 Destroy 8
The antiaircraft  position 159·5 154·5 41·25 Destroy 40
The warning radar position 52·5 135 589·5 Destroy 200
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6.0 EXPERIMENT

6.1 Mission assignment and DVE configuration

with size of 250km × 250km, there exists a warning radar position at the highest altitude denoted 
by a diamond, an antiaircraft position at the valley gate denoted by a rectangle, and a highly 
mobile ground-to-air missile position in the valley denoted by a star. All associated data can be 
seen in Table 2, corresponding visualisation schematic shown in Fig. 10, and by a terrain masking 
analysis for the warning radar coverage according to Fig. 11 we can conclude that there appears 
a blind zone of the radar in the positive eastward direction if the aircraft enters the coverage with 
an altitude of 300m.

position exists as a threat at the same time, the guided bomb release has to be accomplished out 
of the reach of missile range. Taking the mobility of the missile position into account, the GBRP 
should be optimised with the shortest aircraft route out of radar coverage to avoid the antagonist 
moving and intercepting.

In the mission the bomb is guided with the proportional law possesses parameters and properties 
including the interval of release velocity of [150,300]ms–1, the interval of release height of 

CL of 0·5 (Fig. 12). The cruising velocity 
of the aircraft is 200ms–1, whose radar coverage is [+45°,–45°] and the maximum of overload is 
7G. It takes 18s for the airborne radar to search and detect a target, so the aircraft will be tracked 
and locked by the antagonist if the exposure time is over 35s. Taken together, it will be better for 
the aircraft to approach the target from the east than from the valley gate, and the height of Rel 

–1.

different locations including an attacker and three types of antagonists for every threat consisting 

Figure 11.The inter-visibility condition of the warning radar coverage 
to the aircraft with a distance of 200km and a low altitude of 300m.
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of multiple actors or players. The GBRP server is where client login with ID or legacy login 

for experiment has been summarised in Table 3.

6.2 Execute GBRP based on SQP

With the computation method from Section 5.2 we can obtain the guided bomb release boundary 
denoted by the red dash line in Fig. 13. For simplicity we select the point of (79, 220.31, 5.0) in 
the positive eastward direction of the boundary as Rel. Considering the inter-visibility condition 

from the target and WIP at the height of 2,000m. Similarly, we select the points of (79, 224.35, 
2.0) and (79, 226.98, 0.3) in the positive eastward direction of the attack and action boundary as 
MAP and IP, respectively. Alternatively, all the waypoints will be displayed on the screen of the 
aircraft cockpit for the client-side attack player, as shown in Fig. 15. And consequently, as shown 

the waypoints.

(a) (b)

Figure 12. The aircraft with guided bomb executing the mission in the DVE

Figure 13. The guided bomb release boundary. Figure 14. The inter-visibility 
condition of the airborne radar.
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(a)

(a)

(b)

(b)

Table 3
The network status for experiment

     Server to Client  Client to Server
 Number of players Bytes/s Packets/s Bytes/s/client Bytes/s Packets/s

 1 5·7K 50 5·7K 3K 50
 2 8·5K 50 4·25K 3K 50
 3 11·6K 50 3·87K 3K 50
 19 37K 60~90 1·95K 4·8K 20~100

Figure 15. The waypoints displayed on the aircraft screen of the cockpit in the DVE.

Figure 16. The aircraft trajectory during executing GBRP based on SQP.
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6.3 Execute GBRP based on Monte Carlo

Based on Monte Carlo, all the initial parameters should be perturbed according to the probability 

Table 5 and Table 6. Then resorting to the computation method from Section 5.3 those waypoints 
can be obtained with some redundancy to deal with perturbations. In that case, the ratio of success 

generated and displayed in pink in Fig. 17.

Table 4
Parameters error distribution for Rel 

 Parameters Distribution type Distribution law

 Height Normal N(5000, 52)
 Velocity Normal N(300, 32)
 Deflation angle Normal N(0, 0·012)
 Drift angle Normal N(0, 0·012)
 Vertical position Normal N(55893,102)
 Horizontal distance Normal N(0, 102)

Table 5
Parameters error distribution for MAP

 Parameters Distribution type Distribution law

 Velocity Normal N(300, 32)
 Deflation angle Normal N(0.52, 0·012)
 Drift angle Normal N(0, 0·012)
 Vertical position Normal N(3868,102)
 Horizontal distance Normal N(0, 102)

Table 6
Parameters error distribution for IP

 Parameters Distribution type Distribution law

 Height Normal N(1000, 102)
 Velocity Normal N(300, 32)
 Deflation angle Normal N(0, 0·012)
 Drift angle Normal N(0, 0·012)

Figure 17. The aircraft trajectory in pink color generated by Monte Carlo.
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6.4 Analyse simulation results

one based on SQP, and the corresponding slope between IP and Rel is smaller. With a quantitative 

     P = PrelPallPap . . . (16)
where P is the total ratio of success, Prel is the ration of release success, Pall is the ratio of success 
about transition from MAP to Rel and Pap is the ratio of success about transition from IP to MAP. 

The comparison results can be seen in Table 7. It turned out that the total ratio of success and 

at the same time the exposure time under the warning radar coverage does not increase noticeably, 
although it approaches close to threats in order to destroy them and the risk level is higher.

6.5 Discussions

converted to a complex non-linear programming problem, generally obtain only the numerical 
solution. Without the help of some AI algorithms, these methods cannot deal with the problem of 
redundancy such as uncertain factors or perturbations(20-23).

The redundancy problem in GBRP should be suitable for Monte Carlo method, because the 

Monte Carlo method the GBRP can obtain a reasonable redundancy to improve the success rate 

complex uncertainties by participant nodes than based on only one single machine. Considering 
the time-space consistency in a wide networked DVE(24-26) this simulation environment has been 
constructed in a private local network ensuring communication open, smooth and safe. So every 
node can log into or out dynamically and randomly from the whole system.

Table 7
Comparison results

 Method Waypoint Co-ordinate Deflation Velocity Ratio of The total 
   (km) angle (rad) (ms-1)  success ratio of 
                                 success

  Rel (79,220.31,5.0) 0 300 46·3% 

 SQP MAP (79,224.35,2.0) 1 300 47·1% 10·12%

  IP (79,226.98,0.3) 0 200 46·4% 

 Monte Carlo Rel (79,217.11,5.0) 0 300 90·5%  

  MAP (79,220.75,2.0) 0·93 300 90·2% 73·95%

  IP (79,223.41,0.3) 0 200 91·1% 

 Target  (79,164.51,0.31)    
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7.0 CONCLUSION
The procedure of planning the guided bomb release is confronted with many constraints and 
uncertainties, and the methods are in dire need of increasing the level of aircraft safety. The 
essential basic models and tactics for the whole release process have been built, and a reverse 
GBRP analysis has been carried out. Compared to the traditional SQP method, the proposed 

redundant error perturbations into the initial planning parameters. In order to simulate reality and 
reliability we design a DVE architecture for GBRP, where multiple players will act differently as 

With the development of modern weapons, considering their redundancy ranges and error 

focus on including more detailed models and tactics, as well as more precise redundant data for 
Monte Carlo method. Additionally, experiments for conventional arms like rocket bombs will 
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