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Summary

e This paper uses the ICSU-ISSC Report on the Sustainable Development
Goals (SDGs) to develop a network analysis of the SDGs.

e The analysis indicates that progress on Goals 1 (Poverty), 2 (Hupger)
and 3 (Health) is highly positively reinforced; these Goals are the most
likely to be achieved, and to be achieved earliest.

e The analysis also indicates that, due to trade-offs, Goals 14 (Oceans) and
15 (Terrestrial Ecosystems) are most at risk of not being achieved.

e A minimal mathematical model suggests that better outcomes on gvery
Goal could be obtained through a combination of careful resource jallo-
cation and exploitation of the network linkages.

Abstract

On 18 September 2015 the United Nations General Assembly adopted a document with Tharigferm-
ing our world: the 2030 Agenda for Sustainable Developmertith sets out a plan of action to shape global
development for the period 2015-2030 following on from the Millennium Development Goals.

In response to the 2030 Agenda, the International Council for Science (ICSU), in partnership with the In-
ternational Social Science Council (ISSC) subsequently published a detailed commentary on the SDGs and the
linkages between them. One issue raised by the ICSU-ISSC Report is the possibility that the SDG framework
as a whole might not be internally self-consistent, and the report itself calls for a wider ‘systems perspective’.

In this paper we use the ICSU commentary as the basis for a quantitative theoretical analysis of the SDGs
from a systems perspective. We provide a mathematical definition of self-consistency and show that the linkages
we infer from the ICSU-ISSC report imply that the SDGs are not self-consistent.

However, using a simple dynamical model to investigate the combined outcome of direct efforts at tackling
each Goal and the indirect effects on progress due to network effects, we show that network effects could be used
to secure better outcomes on every Goal than would be possible if linkages between Goals did not exist at all.
These better outcomes would be possible through an unequal, targeted re-allocation of direct efforts. Unequal
distribution of direct effort can therefore make the SDGs mutually achievable.

Our conclusions contribute to the ongoing debate on the development of global strategies for achievement of
the 2030 Agenda, the implementation of such strategies, and the monitoring of progress towards the Goals.
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1 Introduction

The UN Sustainable Development Goals (SDGs) set out a very broad set of challenges for global development ov
the period 2015 - 2030. The SDGs propose a framework within which barriers to economic and societal progres
should be addressed, for example inequality in opportunities and political representation within and between cour
tries (Goal 7). Since their scope is significantly broader than that of the Millennium Development Goals, which
preceded the SDGs, questions of coordination arise both within the SDGs and between the SDGs and other glok
initiatives, for example the UN Framework Convention on Climate Change [17] and the Sendai Framework for Dis-
aster Risk Reduction 2015 - 2030 [20]. In this article we consider only the linkages within the SDGs themselves
rather than these links to the UNFCCC and the SFDRR; even the restriction to the SDGs is a complex issue give
that the set of 17 SDGs contains a collection of 169 separate targets.

There is a growing literature on interactions within the SDGs: recent contributions include the paper by Pradhar
et al [12] which adopts a statistical viewpoint, computing correlations between the timeseries of the official SDG
indicators, computed back to around 1990 in many cases, on a country-level basis. This provides assessments of
complementarities and trade-offs between SDGs through the computation of positive or negative correlations; it i
unable to assess the direction of influences between Goals, and indeed might be subject to confounding variable
This is a valuable complementary direction to the present paper which takes a more theoretical approach, ar
focusses on questions of influence and directionality within the SDG network.

The large number of targets, and broad remit of the SDGs have led many authors to consider a subset of tf
Goals. For example the recent ICSU report [3] which focuses on four Goals: Goals 2 (Hunger), 3 (Health), 7
(Energy), and 14 (Oceans) and examines the interactions at the level of individual targets between those Goa
and the other SDGs. [3] continues the science-based approach initiated in the earlier ICSU Report [2] on whicl
we focus here. McCollum et al [8] discuss Goal 7 (Energy) and its links in detail, using the seven-point scale
introduced by Nilsson et al [11]. Weitz et al [25] select two targets per Goal and analyse directed linkages betweel
these, drawing directly on the context of Sweden. Le Blanc et al [5] discuss SDG 14 (Oceans) and consider directe
links both between the seven targets associated with Goal 14, and between these targets and the other Goals. -
directed nature of the interactions between SDGs is important, since it opens up a much wider understanding of ho
the SDG network is internally organised. Complementing the papers cited above, here we consider the linkage
within the complete set of Goals 1-16, using some target-level information, but drawing conclusions only at the
level of the Goals.

The analysis in this paper builds on the 2015 report [2] coordinated by the International Council for Science
(ICSU), in partnership with the International Social Science Council (ISSC), and referred to below as ‘the ICSU
report’. The ICSU report sets out a detailed and extensive qualitative commentary on the SDGs and the linkage
between them and contains contributions from over 40 authors from 21 countries. Itis one of the few documents thé
attempts consistently to treat the entire collection of Goals, rather than focussing on a subset (such as the Wate
Energy—Food nexus). This makes it a distinctive, ambitious, and valuable assessment of the possible linkage
between all SDGs, at the level of the overall Goals themselves.

The Executive Summary of the ICSU Report highlights in several places the need to consider linkages betwee
Goals, and warns that the SDG framework does not in itself reflect those linkages. The authors comment that

[Nt is clear ...that goal areas overlap, that many targets might contribute to several goals, and that
some goals may conflict. The goals are also addressed without reference to possible links with other
goals. Since the SDG framework does not reflect interlinkages ...t is possible that the framework as
a whole might not be internally consistent - and as a result not be sustainable.



[2, page 9]

In this paper we use the ICSU report as the basis for an attempt to make these linkages more quantitative at
to explore the implications for the SDG network as a whole. It should be emphasised that the ICSU report itself
emphasises a purely scientific perspective. Although the consequences of this are not described in detail, it sugge
that social, political, and economic factors are not addressed explicitly. The report views progress towards the Goa
in terms of scientific research and technological innovation, leaving unaddressed the questions of implementatiol
and political and economic influences. It also does not comment on the requirements of particular countries o
regions; it takes an overarching global perspective. It would be of great interest to refine the analysis here either &
attempting to combine scientific with political and economic arguments, and to focus attention on specific regions
or individual countries.

Our conclusions are both about the system of SDGs as a whole and about the relative ease of progress
individual Goals. Since this paper is motivated, and underpinned, by expert judgements made in the ICSU repor
our conclusions concern, maore precisely, the systemic and relative progress possible on the SDGs as viewed throu
the lens of the ISCU assessments. As remarked on above, a particular bias is that a scientific perspective, rather tf
a political one, dominates: assessments of technological feasibility are more strongly represented than evidence
political will.

Because, as we show below, the network of SDGs does not satisfy the most obvious mathematical definition c
self consistency, it is possible that misdirected efforts could lead, not just to a lack of progress on some Goals, bt
actually to make some Goals harder to achieve. In terms of specific Goals, the clearest implications are that Goa
14 and 15 (Oceans and Terrestrial Ecosystems respectively) are most at risk, while network effects significantl
positively reinforce progress on Goals 1, 2 and 3 (Poverty, Hunger, and Health). The network of connections
implies therefore that achieving Goals 1-3 should be relatively easy compared to achieving Goals 4-16. Moreove
this distinction between Goals 1-3 and Goals 4-16 is precisely because of the positive influences of the later Goa
on Goals 1-3. This implies that more effort should be expended directly on Goals 4-16; this will in turn have a
positive indirect impact on Goals 1-3.

Our results show that the targeting of direct effort can compensate for negative influences within the SDG
network. Further, by combining network effects with carefully-targeted efforts that are distributed unequally across
the Goals, it is possible to make significant progress on every Goal (including Goals 14 and 15) simultaneously an
so avoid the kind of trade-offs that the ICSU report warns about.

Despite not satisfying a strict definition of self-consistency, we find that the directed network structure implied
by the ICSU report is actually quite close to being self-consistent and certainly does not display some of the
particular features than would make coherent progress on the SDGs significantly more difficult to attain: in this
sense, although the SDGs are wide-ranging and potentially do contain many negative influences - trade-offs in tt
language of the ICSU report - the SDGs are by no means incoherent; a typical (in some sense) random netwo
would be far less self-consistent.

More generally, we argue that the philosophy of attempting to describe and justify statements of the kind tha
‘progress on Goal X is (positively or negatively) influenced by progress on Goal Y’ might be particularly useful
when used in conjunction with data collected systematically country by country to monitor progress towards the
SDGs over the coming decades. In this sense this paper attempts to complement data-driven approaches [16, 1
and the essential work of defining and collecting development statistics and progress indicators.

Ultimately this paper attempts to provide an accessible example of a network science-based approach to tt
SDGs, responding to the remark made in [19, section 2.1.8, page®#: emerging disciplines of complexity
science and network science provide an increasing body of knowledge which, however, has typically not bee
considered by policy makers to date, in large part because it is not readily accessible knowledge.”

2 Methodology and network properties

In this section we first describe the process by which we turn the ICSU report into a collection of quantitative
assessments. Secondly, we propose a mathematical (but intuitively straightforward) definition of what it would



1. Poverty PO (5) 2. Hunger HU (5) 3. Health HE (9) 4. EducatiorD (&)

5. Gender  GE (6) 6. Water W (6) 7. Energy EN (3) 8. Growth GR (1
9. Industry 11 (5) 10. Inequality IN (7) 11. Cities Cl(7) 12. SCP SC (8)
13. Climate CC (3) 14. Oceans O (7) 15. Ecosystems TE (9) 16. Peace PE

Table 1:Sustainable Development Goals, their abbreviations used here, and (in parentheses) the number of individual targe
associated with each Goal. For example Goal 10: Inequality is abbreviated to IN and has seven targets. Goal 17 relates to t
means of implementation of Goals 1-16 and is omitted in this analysis.

mean for the SDGs to be internally self-consistent, and discuss whether the network implicit in the ICSU report
satisfies this definition or not; we find it does not, but that it is close to it.

We then introduce the additional influence of direct effort to support progress on each Goal. Through a simple
dynamical model we discuss the balance between the necessary direct efforts and the progress due to the n
work effects. Robustness of the results to the modelling assumptions was tested through the addition of randol
weightings of the same magnitude as the initial couplings. This enables error B standard deviations to be
estimated.

Throughout this article, as in the UN DESA Working Paper by David Le Blanc [4], we ignore Goal 17
‘Strengthen the means of implementation and revitalise the Global Partnership for Sustainable Development’ sinc
this Goal provides mechanisms that are intended to enable each of the more specific Goals 1 - 16. We also igno
the ‘means of implementation’ targets listed under each individual Goal, and keep only the targets that describe th
specific goals themselves. After this pruning of the Goals and their targets we are left with 16 Goals which betweel
them contain a total of 107 individual targets. Table 1 shows the number of targets associated with each Goal.

2.1 Network construction

For each SDG, the ICSU report provides a narrative table of linkages with each of the other Goals, and specificall
the targets that each SDG is linked to within each of the other SDGs. For each entry in one of these tables, w
determine the direction of the linkage given by the narrative, together with the sign of its influence (positive or
negative). We estimate the strength of the linkage by the proportion of the total number of targets mentioned fron
the other Goal.

This estimate of strength appears reasonable since the ICSU report authors had freedom to cite linkages with
many targets in each linking Goal as they wished, and the number of targets cited varies from one to all that wer
possible. Since the ICSU report does not provide commentary on linkages between pairs of targets we have data tf
enables us to consider links only at the level of the entire Goals. The effect of this ‘normalisation’, dividing by the
number of targets within each Goal, is explored in detail in section 2.4 below; results presented there indicate the
it does not, in fact, significantly influence the results. A further point concerning the use of linkages at Goal-level
rather than at the level of individual targets is that often a detailed analysis at the target level suggests that son
links between targets in different Goals would be positive (reinforcing) and some would be negative (i.e. indicative
of trade-offs). The expert opinion summarised by Singh et al [14] provides an example, for Goal 14 (Oceans) wher
target-based effects of different signs are proposed. Within the coarser-grained Goal level approach adopted he
we effectively average over these individual effects; this may not be appropriate in all cases.

We now give an example. Consider the discussion of the linkages concerning Gead pdverty in all its
forms everywheljegiven on page 17 of [2]. In the row of the table for the linkage to Goati®s(ire healthy lives
and promote well-being for all at all agess the statemenfccess to free health care is fundamental to poverty
eradicationand target 3.84chieve universal health coverage) is explicitly listed. We interpret this as a directed
link from Goal 3 to Goal 1, since the language implies that progress on Goal 3 will impact positively on progress
on Goal 1, and we assign a weightinglgb since, of the nine possible targets within Goal 3 that could have been
referred to here, only one is explicitly listed.

In more formal mathematical language, the collection of linkages, made quantitative, are the entties o6 a



matrix A which is the adjacency matrix of the corresponding weighted, directed graph. Thedenfuyhich will
also be written4; ; for clarity) describes the influence of Ggabn Goali. So the discussion in the example above
would result in settingd; 3 = 1/9 and A3 ; = 0. Note that these matrix entries are also potentially affected by
the discussion of linkages concerning Goal 3. Indeed, on page 25 of the ICSU Report we see that a link betwee
Goal 1 and Goal 3 is also describeleoverty is a major cause of ill health and eradicating poverty will improve
health and reduce health inequalitieExactly three out of the five targets within Goal 1 are explicitly mentioned
as having a positive impact on progress towards Goal 3, hdpge= 3/5.

We carry out this procedure algorithmically, so that where no targets are listed, for example for Goal 1 on page
17 there is no direct link given with Goals 9, 12, 14 or 15, the corresponding edtrigsA; 12, A1,14 and Ay 15,
aswellasAg 1, A12.1, A14,1 and A5 1, are zero. The direction of implication is usually clear from the text.

A small number of linkages are clearly indicated as negative influences. For example, on page 45 under Go:e
8 (Growth), the linkage to Goal 6 (Water) statesreases in production (growth) can increase water pollution,
... Protection of natural resources may inhibit production and growdiince two of the six targets given under
Goal 6 are listed here, and because the text implies negative linkages in both directions, we quantify this by settin
bOthA&G = —2/6 andA(;,g = —2/6

The above discussion shows that each edtryhas usually only one, and at most two contributions, one from
the section of the ICSU report commenting on Goahd one from the section on Goal Where there are two
contributions they are aggregated. The entries are later scaled by a faditr wf ensure that;; always lies
between—1 and+1; this helps in later interpretation. Figure 1 shows the sizes and signs of the entdesftier
this scaling has been applied and summarises the process of turning the ICSU report into a quantitative directe
network structure. A complete description of the details of the process is given in the Appendix. Note that the dats
used in the construction of does not give rise to any diagonal entries in the matrix; there is no discussion in the
report about the effect of any Goal on itself.

2.2 Self-reinforcing loops

A natural first question is to identify the SDGs that are connected by the edges with largest positive weights: thes
might be thought to provide some kind of ‘backbone’ to the interaction network. Given that the matrix A has 162
non-zero entries, of which only 10 are negative, there are many closed directed loops formed from edges whos
weights are all positive. The role of such self-reinforcing links has been discussed at length, but usually in the
context of evolving networks, [6, 7]. Figure 2 shows the self-reinforcing loops with the highest edge weights.
Progress on Goal 13 (Climate) reinforces progress on Goal 6 (Water) which in turn reinforces progress on Goal
(Energy) which reinforces and is reinforced by Goal 13 again. Progress on Goals 13 and 15 (Terrestrial ecosystem
are similarly mutually reinforcing.

Clearly the view of the ICSU report is that progress on climate change is of fundamental importance. Another
source of uncertainty, of particular relevance to Goals 7 and 13, occurs when a Goal has a significantly smalle
number of targets compared to others. Goals 7 (Energy) and 13 (Climate) each contain only three targets. Henc
with the present methodology, the edge weights in the network identified by the authors of those sections of th
ICSU Report can take only the values 0, 1/3, 2/3 or 1; this restriction in the set of possible values may lead the
weights of these edges to be overstated, since it seems more likely that two out of three broad-based targets wol
be deemed relevant compared to six out of a set of nine or ten more specific targets, as would be the case for Gox
3, 8, 15 or 16. We comment further on this below in section 2.4.

2.3 A definition of self consistency for Agenda 2030

If all links in the network have positive edge weights, so that > 0 for all 1 < 4,j < n, then the matrix4 is
called ‘positive’ (writtenA > 0). Positive matrices have an eigenvaluethat is real and positive and strictly larger
in magnitude than any other eigenvalue. There exists an eigenwectoorresponding to this largest eigenvalue
that has all components positive. The eigenvestoris often referred to as the Perron-Frobenius eigenvector
(PFE) of A. In the case that all elements are known to be non-negativedje> 0 for all 1 < 7,5 < n (written



1
2 1038
3
4 106
5
6
- 7 10.4
§ 8
G 9 {02
10
11
12 10
13
14 1-0.2
15
16
0.4

123456 7 8 9 10111213141516
Goal |

Figure 1:Heat map showing the quantitative valuég of links between the SDGs, constructed from a detailed analysis of
the ICSU report. The colour of the matrix entry with coordindteg) indicates the support that progress on Gokends to
progress on Goal Entries left white indicate an absence of a link. For example, the dark (blue) squares inditatingnd

A14,11 show the significant negative impacts that progress on Goals 2 and 11 is indicated to have on Goal 14, correspondin
to the red edges with negative weights in figure 2.

Figure 2:Short closed loops (of length 2 and 3) formed by directed edges of magnitude greatef3hiathe SDG network,

plus the links between Goals 5, 11, and 14 which join the loops. Positive values are indicated by arrows (blue edges), s
thatj— indicates that Gogl at the tail of the arrow has a positive influence on Gaatlthe arrowhead. Similarly, negative
influences are indicated by (red) edges- i ending in filled circles: Goal at the end with the circle is negatively influenced

by Goalj.

A > 0) a largest eigenvalugg that is real and positive still exists, with all other eigenvalues being less than or



equal in magnitude td,. A Perron-Frobenius eigenvectef®) for )\, can similarly be shown to exist, for which
all components are non-negative.

The idea of self-consistency can be expressed mathematically by considering it as applied to the linear dy
namical systenk = Ax. We could define the network of links between the state variables. ., z, to be
self-consistent ifAx > 0 wheneverx > 0. Equivalently, this would mean that when all the state variables are
positive or zero, then each state variable would be non-decreasing, so that state variables, starting from an initi
condition in whichz; > 0 for all j = 1,...,n could never become negative. In fact, if state variables can never
become negative then the possible kinds of behaviour at large times are limited: for, @dtblerx;(t) — oo as
t — oo orz;(t) = x;(0) forall t > 0.

If we were to define self-consistent networks as those for which state variables could never become negativ
then a self-consistent network would be precisely one for whick 0. However, it is more useful to make a
weaker definition of self-consistency since we are more interested in the outcome of the network reinforcements
and the interplay between different links over long times, rather than the details of transients. Over long times
trajectories will (loosely speaking) become more aligned with the eigenvector corresponding to the largest positive
eigenvalue of4; in the case thatl > 0, and under the additional assumption that there is only a single eigenvector
for the eigenvalue\y, this will be v(© and hence for every initial conditiax(0) > 0 there will exist a timel” > 0
such thatx(¢) > 0 for all ¢ > T'. Thus, self-consistency is guaranteed at long times but the time the network takes
to become self-consistent might depend on the initial condition. This motivates the following definition.

Definition: A network of directed links betweemnodes with weightsl;; is self-consistenif the matrix A has an
eigenvalue\, that is (i) real, positive, and larger than the real parts of all other eigenvalues, akghas a
unique non-negative eigenvectof? .

The Perron—Frobenius results imply that any network with 0 satisfies the definition of being self-consistent.

But the definition of self-consistency is broader and it is possible that networks containing negative entries are stil
self-consistent.

If a network contains many entries of both signs then it is possible that the eigenvalues with the largest real patr
are a complex conjugate pair. This would indicate that the behaviour of the network effects over long times woulc
drive oscillations: periodic rises and falls in the progress made on different Goals, with phase differences betwee
the peaks in these cycles, as the result of the trade-offs identified by the network effects. In such a case it would
extremely difficult to guarantee simulataneous progress on every Goal.

The leading eigenvalue and eigenvector are therefore key properties of the network and indicate whether th
network effects themselves would generate self-consistent progress on all Goals. For the SDGs we find that tt
leading eigenvalue is real, which is important, but that its eigenvector does not have entries that are all the same sig
So the SDG network is not self-consistent. Figure 3(a) plots the location of the eigenvalden tife complex
plane. We see that the largest eigenvalyex 1.467 (3dp) is indeed real and positive, and it is significantly larger
than the real part of the next eigenvalues to the Peft(= 0.610+0.205i, to 3dp) which form a complex conjugate
pair.

The significance of complex eigenvalues is that they would drive oscillatory growth dynamics which would
highlight trade-offs within the network. In this case, since their real Baff\;) = 0.610 is much smaller than the
leading eigenvalug, these effects are subdominant and in practice do not greatly contribute.

The eigenvector(?), shown in figure 3(b), contains both positive and negative entries. As a result, the network
effects are not positively reinforcing for all Goals: we would expect negative progress on Goal 14 over long times.

2.4 Network robustness

In this section we discuss two issues in the construction of the network that are potentially unsatisfactory; first, tha
different authors contributed the assessments related to different Goals in the ICSU Report, and second, that the
are potentially many variations on the protocol used for weighting the edges, from which we proposed dividing the
number of targets mentioned by the total number available in section 2.1.
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Chapters in the ICSU Report were drafted by between one and five authors each, and subject to review b
a dozen other experts. This broader review should have ensured a balanced and consistent approach. There
clearly indications that the individual preferences of chapter authors persisted, most obviously in the section ol
Goal 11 (Cities) where no table of linkages was constructed.

These inconsistencies are, however, useful in that they show that the chapters clearly reflect different points c
view. This suggests that it is important to ask whether there is a measure of the internal self-consistency of th
ICSU Report available. An insight into this can be gained by examining the ways in which the chapter authors for
each Goal draw out influences of that Goal on others, and also propose ways in which other Goals influence th:
Goal itself. In other words, the directed nature of the network also highlights that the two separate contributions tc
each edge, i.e. the influenek; of Goalj on Goali should, for consistency, be identified both by the authors of
the chapter on Goadland by the authors of the chapter on Ggal

Figure 4 provides a breakdown of the heat map shown in figure 1 into the separate contributions providec
by the different chapter authors. Each chapter in the ICSU Report corresponds to one row in figure 4(a) and th
corresponding column in figure 4(b). Matrix entries that are similar colours indicate agreement in the assessmen
of different chapter authors.

Overall there are 81 non-zero entriesAfi (75 positive and six negative), and 138 non-zero entriet°ity(132
positive and six negative), each out of 256 possible links. This indicates that the authors identified significantly
more ways in which the Goal they were discussing influenced other Goals rather than the other way around. Ot
of these non-zero entries, there are 56 cases (i.e. 69% of the 81 possible cases) in which the two relevant chapt
reported links between he same pair of Goals. This indicates a high degree of consistency in identifying the mos
important reinforcing links.

None of the six negative edges identified in each case coincided, perhaps indicating that, as well as there beir
far fewer trade-offs than positive reinforcements, the trade-offs are harder to identify. There are five cases ir
which the two relevant chapters identified links of different signs. Theselare Agg, A148, A14,15 and Ays 7.
These disagreements might be useful in pointing to where more effort is particularly required in order to discern
the linkages between these Goals: the effects of progress towards Goal 7 (Energy) on Goals 2 (Hunger) and
(Ecosystems); the effect of Goal 6 (Water) on Goal 8 (Growth); and the effects of Goal 8 and Goal 15 on Goal 14
(Oceans).

Out of these five cases of disagreement in the sign of the linkage, in one case the two contributions cance
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Figure 4:Heat maps showing the quantitative values of links between the SDGs, constructed from the ICSU report. As in
figure 1, the colour of the matrix entry with coordinatés;) indicates the support that progress on Gpkends to progress

on Goali. Entries left white indicate an absence of a link. (a) Heat map built up by m'yy$howing in rowi the influences

of other Goals on Goal (b) Heat map built up by columngl,g;lt showing in columry the influences of Gogl on the other

Goals.

completely: A5 7. Hence the final matrixi contains one fewer non-zero entry than expectétias 162 non-zero
entries.

Turning to the second issue, we acknowledge that, although the procedure used in constructing the adjacen
matrix A from the commentary in the ICSU Report is algorithmic, it is still in part subjective and of course open
to biases of many kinds. Investigating the robustness of the approach is essential. To assess the robustness
the results presented in section 2.3, and in particular figure 3, to the weightings where the number of target
mentioned was divided by the total number of targets for the Goal in question, which varies in the range three tc
ten across different Goals, we considered a modified adjacency matnixvhich the entries are replaced by the
value+1 where the original edge weight i is positive,—1 where the original edge weight is negative and zero
otherwise. We refer to this as the Boolean version of the adjacency matrix. Figure 5(a) compares the eigenvalue
of the Boolean version and the original, with the eigenvalues of the Boolean matrix rescaled so that the larges
eigenvalues are equal; this rescaling adjusts for the fact that the mean of the entries in the matrix has increased. T
Boolean matrix has a very similar characteristics to the original, indicating robustness of the main properties o
the network described earlier. Notably, the eigenvalue of the Boolean adjacency matrix with the largest real part i
also real and positive, and there is a very similar distance between this largest eigenvalue and the eigenvalues w
the next largest real part. In the original case these next eigenvalues are a complex conjugate pair; in the Boole:
case this is a real eigenvalue. This hints at the behaviour of the network as even less likely to show oscillaton
transients than in the original case. Turning to the eigenvectors corresponding to the leading eigenvalues, as plott
in figure 5(b), we observe the their overall shape is extremely similar: both indicate a higher rate of progress or
Goals 1, 2 and 3 compared to the remaining Goals, and the progress on Goal 14 (Oceans) implied by the netwo
structure remains negative. The wide separation between the largest eigenvalue and the next-largest, in both cas
ensures that the eigenvector corresponding to the largest eigenvalue will in both cases dominate the dynamics
the network interactions over long times.

2.5 Discussion of Goal 1 (Poverty)

The UN Global Sustainable Development Report 2015 [19, pages 44-45] summarises an analysis of the ICS!
report by stating thaWhen SDG 17 on ‘means of implementation’ .. .is excluded from the analysis, SDG 1 on
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Figure 5: Comparisons between the weighted network and the unweighted (Boolean) version. (a) Eigenvalues of the ad
jacency matricesA in the complex plane. The eigenvalues of the Boolean case are scaled so that the largest eigenvalue
agree, in order to enable a direct comparison. (b). Components of the eigenwé¢tansthe two cases, normalised so that

S (o) =1

poverty is the most central node for the system. In other words, in the view of scientists, ... progress on povert
eradication is also central to all other goalg19, section 2.1.9]. Although this statement is immediately qualified

by a cautionary note that the ICSU report did not define the precise nature of the linkages, this conclusion deserve
to be treated with substantial caution. For example, figure 2-1 [19, page 45], which serves to illustrate the poin
made above, shows amdirectednetwork, while, as we have set out above, the linkages between Goals indicated
by the ICSU Report are cleartyirected

The broader discussion of Goal 1 in the ICSU Report reinforces this view: the elimination of poverty is a
central goal, and relies on economic stability and growth, fair income distribution and governance and institutional
relationships both within and between countries. These are all factors that drive the achievement of Goal 1. Less
said about the influence, in itself, of eliminating poverty on progress towards most of the other Goals. The ICSU
report text is explicit about the effects of poverty reduction on progress on food security, healthcare, climate chang
and peaceful societies; hence there are directed links from Goal 1 to Goals 2, 3, 13 and 16.

Other outcomes of poverty elimination might well include, for example, education, economic growth and
industrialisation which, as separate Goals within the SDG framework, we might expect to be represented by explici
links that are, in fact, harder to discern in the ICSU text. These links are therefore not present in figure 1, since thi
purpose of this paper is to understand the implications at the system scale of the individual assessments of linkag
made Goal by Goal, and from a scientific viewpoint. It could be argued that the elimination of poverty leads to
progress on education, economic growth, and industrialisation Goals only if other societal and political factors are
supportive.

2.6 Discussion of Goal 14 (Oceans)

Linkages between Goal 14 and othe Goals have been studied in particular by Le Blanc et al [5] and by the mor
recent ICSU report [3]. The interactions between Goal 14 and Goals 2 (Hunger) and 11 (Cities) are particularly o
interest since in the ICSU Report (2015) they are identified as strongly negative influences of Goals 2 and 11 o
Goal 14.

In the later ICSU report [3] these negative influences are clear. For Goal 2, two sources of negative influence
are identified [3, page 191]: pollution from agricultural run-off of fertilizers into marine environments, reducing
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fish stocks, and that the creation of Marine Protected Arelagewverall enhancing food security, may serve to
limit fishing access for coastal communities. Thus progress towards Goal 2 may negatively impact Goal 14 vie
pollution, and likewise Goal 14 may negatively impact Goal 14 via limiting access to food resources. Le Blanc et
al [5] also identify similar possible negative linkages between Goal 14 and Goal 2, see [5, table 5].

The later ICSU report [3] comments also on negative interactions between Goals 2 and 11 [3, page 198]
In brief, the use of local materials in building construction will involve trade-offs with ecosystem management
and marine conservation policies in coastal areas. Similar trade-offs between marine conservation and increas
economic activity are noted in the discussion on linkages between Goal 14 and Goal 1 in [3].

In terms of the discussion of the ICSU Report [2], then, these remarks from the later ICSU report serve to
reinforce the key trade-offs identifiable in the earlier report between Goal 14 and Goals 2 and 11.

3 A dynamical model

In this section we consider a combination of direct effort to achieve each of the Goals and network effects tha
reinforce, or hinder, progress over time.

Let the variabler;(t) describe the progress made towards Gaatl timet measured in years, so that= 0
corresponds to 2015 and 2030 corresponds to 15, t measured in years. We sef(0) = 0 indicating that
initially there is no progress made towards Godl.e. we set zero as the reference point for measuring future
progress) and we assume that, in the absence of any interactions between Goals, an amount of ‘direct effor
(public expenditure, political will, private enterprise) is available so that constant annual progréssnade in
order to enable;(15) = 1, indicating that Goal has been fully achieved in 2030. This is, of course, a very great
assumption. We make it in order to be able to address questions that compare progress on the different Goals, a
guestions that arise in the relative merits of direct effort, or indirect network effects, as mechanisms for achieving
progress. We scale the values of the direct progress variable® that this scenario naturally corresponds to
settingm,; = 1 for everyi.

Now, since our focus is on the effect of the network structure described by the Matompared to ignoring
these positive and negative influences, we consider the evolution of progress ontGdm a combination of
the above constant progress at a rate together with feedback from the progress made on every other Goal, as
described, in the simplest case, by the differential equation

dz; 1 al
t= mi+€ZAijCCj ) 1)
=1

dt 15 ;
j=

so thate represents the proportional influence of progress on other Goals oniGibad = 1.0 and the entry
A;r = 1 then complete achievement of Gda(i.e. z;, = 1) drives the same increase in progress on Gealthe
direct effortm; does. Similarly, ife = 0.1 and A;;, = 1 then complete achievement of Gdaproduces a0%
increase in progress towards GeaMe do not, in practice, expect that the implicit assumption of linearity here
will hold precisely, but the network structure is an attempt to capture the largest of these interaction effects and thi
lack of independence could be considered a second-order correction.

On the other hand, the interpretationeof= 0.1 as al0% increase in the rate of progress is an overstatement
since the values of they all start at zero and increase slowly over time, reaching values of order unity only
towards the end of the time period under consideration. We note also that the solution of the system of differentia
equations (1) can be calculated explicitly.

With these caveats, we now turn to figure 6 which shows the progress on each Goal relative to the uncouple
cases = 0 for which z;(t = 15) = 1.0, indicating that direct efforts alone were used to drive complete progress
towards every Goal over the 15 year time horizon. The uncoupled case is indicated by the solid horizontal line ir
each part of the figure.

For each Goal, the open circles within the error bars represent the progress made on that Goal when the netwo
effects are introduced by settiag= 0.1. The circles are at the same points in both figure 6(a) and 6(b). We see that
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the positive reinforcements between Goals are particutrgng for Goals 1 (Poverty), 2 (Hunger) and 3 (Health),

for which a coupling strength = 10% produces &0-35% additional increase in overall progress towards these
Goals, above that expected by the direct effort expended. Goals 13 (Climate Change) and 7 (Energy) also strong
reinforced, with increases in tHé-20% range. However, in the case of Goal 14 the network effects of progress on
the other SDGs results in fact in lower progress than the amount of direct effort should yield on its own. This is a
direct consequence of the large negative entries in row 14 in the mygtskown in figure 1 and the negative entry

in the leading eigenvector®) shown in figure 3(b).

The error bars shown in both parts of figure 6 deserve careful definition. They have been added to attempg
to assess the robustness of our results to fluctuations of up to 50% in the strengths of the interactions. For (&
we computel0? stochastically perturbed versions of the matfixin each perturbed version every entty; is
perturbed by an iid random value drawn uniformly from the interﬁfa%, %] Recall that the entriesl;; are
normalised to lie in the range from -1 to +1. We then compute the deterministic solution to the ODEs (1) using this
perturbed version of the matriA. Hence we randomly adjust the network links but we then hold them constant
over the 15 year evolution of the model. The interval indicated is ther 20;, z; + 20;] where the meas; and
standard deviation; are computed for Goalusing the ensemble df? results.

For (b) we proceed in a similar fashion to (a) but the stochastic perturbations of the marecconstructed
multiplicatively, thus preserving the non-existence of links where there are none indicated in the ICSU Report. We
construct a perturbed version of the matrixoy multiplying each entry4;; by a random factor drawn uniformly
in the range{1, 3]. Asin (a), the interval indicated by the error barsiis— 20;, z; + 20;] where the meam; and
standard deviation; are computed for Goalusing an ensemble ab* results.

The error bars in figure 6(b) therefore indicate the effects of fluctuations of at most 50% in the edge weightings
computed from the Report text, but agreeing with the present or absence of linkages, as identified there. The err
bars in in figure 6(a) indicate the effect of fluctuations in the network as a whole, including linkages that were not
identified in the ICSU Report.

At a coarse level, it is clear that the error bars in figure 6(b) and much smaller than those in figure 6(a) and one
key reason for this is that in (a) all 256 entriesAfvere available to be perturbed, while in (b) only the 162 non-
zero entries were perturbed; in addition the multiplicative nature of the perturbations implies that the perturbation:
themselves are also on average smaller. We note that there is a positive correlation betwean amehveriances
o2 in figure 6(b) as one would expect from multiplicative perturbations.

The effects of the perturbations allows us to conclude that the model results, in terms of which Goals are mor:
easily achieved than others, are robust to the exact choices made for the weightings of the linkages.

Our last comment in this section is that the results above also give a prediction for the order in which the Goals
are achieved. This provides a more qualitative indicator of the structure within the SDG system. As the network
coupling parameter increases the Goals will tend to be achieved earlier since the coupling provides a stronger
overall driving. This argument holds for all Goals except for Goal 14 (Oceans): as we have seen above, the networ
effects provide a systematic suppression of progress on Goal 14. So, as we increase the network effects the absol
time at which progress on each Goal reaches the vaisieot of as much interest as the order in which progress on
each Goal reaches unity. Table 2 lists the Goals for the extreme values of the network coupling parameter, in orde
to highlight the differences caused by the network couplings. The pattern overall is very similar in the two cases
and hence for all values afthe prediction of the order for the first nine achieved does not change; also the final
two Goals are always Goal 15 (Ecosystems) and Goal 14 (Oceans): in fact for sufficiently (dogé 14 is never
achieved: progress is made towards it but then decays as the influences of progress on the other Goals overcon
this and drives reductions in progress at longer times. Places 10 - 14 in the table contain the same set of Goals k
in an order that is sensitive to the choice=ofThis ordering of the Goals may help in organising the selection and
reporting of indicators towards progress on the SDGs overall: one might wish to focus more careful reporting on
Goals further down the table.
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Figure 6: Progress on each SDG when direct efforts are setto= 1 for eachi, and the network coupling parameter

e = 0.1, indicating indirect effects that an®% of the strength of direct effects, normalised relative to the uncoupled case

¢ = 0. Circles (in both cases) show expected progress on each Goal, integrating the ODE model (1) from the initial state
x(0) = 1 att = 0 up to timet = 15. Error bars illustrate (a) the variation in results due to stochastic perturbations to all
the network links in4; and (b) the variation in results due to stochastic perturbations only to the weightings for the non-zero
edges identified in the ICSU Report.

Weak Strong

network effects network effects
2. Hunger 2. Hunger

1. Poverty 1. Poverty

3. Health 3. Health

13. Climate 13. Climate

7. Energy 7. Energy

8. Growth 8. Growth

11. Cities 11. Cities

16. Peace 16. Peace

6. Water 6. Water

9. Industry 10. Inequality
10. Inequality 4. Education
4. Education 5. Gender

12. SCP 9. Industry

5. Gender 12. SCP

15. Ecosystems 15. Ecosystems
14. Oceans [14. Oceans]

Table 2: Predicted order in which the Goals are achieved when direct efforts are equal, i.e. setting for eachi. The
left-hand column, labelled ‘weak network effects’ corresponds 0 0.01; the right-hand column, labelled ‘strong network
effects’ corresponds to > 2.0 which is unlikely but serves to indicate the robustness of parts of the ordering to changes in
Goal 2 (Hunger) is predicted to be achieved first in both cases. In the case of strong network effects, Goal 14 is not achieve«

4 Optimising the allocation of direct effort

The results presented in section 3 were obtained under the assumption of equal directgffertg15 on every
Goali. In this section we depart from this, asking whether we can re-allocate the direct efforts on Goals, and,
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through a combination of these direct efforts and the netvediécts, produce better overall results on all Goals.
This is therefore an optimisation problem: to find the allocation of direct effasts . ., mg that maximise the
progress indicators; (15), ..., z16(15). In order to make the problem tractable we demand that the progress made
on every Goal must be equal, i.e. tha{15) = z2(15) = -+ - = x14(15).

Since the solution to the ODEs (1) is available in closed form:

1.4 et

x(t) = EA [exp <1—5A> — I} m,
wherem is the vector of allocationsq, ..., ms andt is time. Setting = 15 we use a quasi-Newton iteration
routine in MATLARB to locate the optimal choices of the allocations. The results are shown in figure 7. Figure 7(a)
shows the allocationsq; for each Goal, for three different values af ¢ = 0.01 (solid line, black),e = 0.05
(dashed, blue), and = 0.1 (dot-dashed, red). When = 0 the optimal allocation is to make all the; equal
(i.,e. m; = 1). Ase increases the allocations depart from equality of effort on every Goal, in a manner that is
in some sense opposite to the progress achieved when equal direct efforts are made; compare with figure 6.
particular, ag increases and the network effects become more important there is less requirement to directly inves
effort on progress towards Goals 1 (Poverty), 2 (Hunger), 3 (Health) and 13 (Climate Change) and more need t
invest direct effort on progress towards Goals 14 (Oceans) and 15 (Ecosystems). Other Goals that require mo
direct effort include 4 (Education), 5 (Gender), 9 (Industry), 10 (Inequality), and 12 (Sustainable Consumption anc
Production).
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Figure 7:(a). Relative direct effort required on each Goal in order to produce equal total progress by 2030. Results are show
for three different values of: ¢ = 0.01 (solid black line),e = 0.05 (dashed blue line), and = 0.1 (dash-dotted red line).

(b) The optimised level of progress, achieved on every Goal, as the network coajptiagases (blue, lower curve). The

red square at = 0.311 is the maximum possible value fer see text. The dashed black lines is the straightlires for
comparison.

Figure 7(b) complements (a) by showing the overall improvement in progress towards all the Goals when the
optimal direct resource allocation is made, as set out in (a}.iAsreases, the improvements increase in a nonlinear
fashion. This indicates that the network effects are potentially a route to more efficient resource allocation in orde
to achieve the SDGs. Moreover, it should be emphasised that the progress shown in figure 7(b) applies to evel
Goal, even those that are subject to trade-offs within the network such as 14 (Oceans): the uneven allocatio
of direct efforts can counterbalance the negative network effects and lead overall to better system-wide progres
towards the SDGs.

A critical value ofe ~ 0.311 exists, beyond which it is no longer possible to find an optimal solution in which
all the valuesn; of the ‘relative direct effort’ are positive. This is indicated by the red square in figure 7(b). As
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one expects from figure 7(a), this is caused by the directtefforfor Goal 2 (Hunger) dropping to zero. The
corresponding value of the overall relative improvement is around 1.55, on every Goal. We could conclude that
trusting everything to network effects, roughly a 50% additional benefit could be obtained; network effects are not
necessarily small perturbations to the pursuit of each Goal independently.

5 Discussion

In this paper we have used the scientific evaluation of the Sustainable Development Goals, as summarised in tl
ICSU Report [2], to construct a directed, weighted network of the mutual influences between the SDGs. This
approach emphasises the qualitative nature of linkages, and attempts to shape our understanding of the SDGs «
system-wide scale, in order to provoke discussion, even at this early stage in Agenda 2030, of which Goals are :
higher risk of not being achieved.

The approach we take aims to understand the system-level nature of, and linkages between, the SDGs. In tf
sense it is similar to the use of causal loop models for understanding complex systems, as described in many boo
on system dynamics, for example [22] and [9]. Causal loop models describe positive and negative influences be
tween variables with a view to enabling the visualisation of complexity and the identification of ‘reinforcing loops’
(those containing all positive edge weights) and ‘balancing loops’ (those containing both positive and negative edg
weights that might tend to drive the relevant variables back towards equilibrium). A recent example of an analysis
of a modern problem using causal loop models is the study of obesity published by the UK Government Office for
Science [21]. The analysis presented here is more precise about the numerical values of the relevent positive a
negative edges, pushing beyond the qualitative study of reports such as [21], towards (but stopping short of), mol
traditional economic systems dynamics ‘stock and flow’ models.

Specifically for the SDG system, as figure 1 illustrates, we find that there is a distinct asymmetry between Goal:

1, 2 and 3 and the remaining Goals. Progress on Goals 4 — 16 generally promotes progress on Goals 1, 2 anc
but there are far fewer links in the other direction. It therefore seems reasonable to conclude that a consequen
of the ICSU Report is that we should consider the Goals as divided into two distinct subsets: Goals 1, 2 and
together form one subset, and Goals 4 - 16 form the other. Goals 4 - 16 interact strongly among themselves i
many ways, and this subset, taken as a whole, in turn promotes Goals 1 - 3. But it is of interest to note that there |
little feedback from Goals 1 —3 on Goals 4 — 16, although clearly the large negativeAntsynoted above, is a
specific exception to this general remark. In mathematical terms, the large number of zero entries indicated by th
light blue in the lower left of the figure indicates that the mattiis not too far from being ‘block upper triangular’.
The key practical conclusion of this decomposition into two subsets is that Goals 1,2 and 3 are much more likely
to be achieved, and that progress on Goals 4 - 16 will be more difficult. When we turn to the conceptual model tha
combines network effects with direct investment, a natural consequence is that achieving Goals 1, 2 and 3 require
a lower level of direct investment than for the other Goals.

For Goal 1 specifically, analysis of the ICSU Report, as summarised here in the present paper, shows that tt
linkages with Goal 1 (Poverty) are, in every case except one (the mutually reinforcing links between Goal 1 anc
Goal 2), that progress on other Goals will promote progress on Goal 1, rather than Goal 1 being a direct enable
of progress on the other Goals. This is a refinement of the statement in the UN Global Sustainable Developmer
Report 2015 [19] which, as discussed in section 2.5 identified Goal 1 as the ‘most central node for the system’
The viewpoint of the expert scientists who contributed to the ICSU report should be more correctly representec
as a set of influences that support Goal 1, but Goal 1 itself is, intriguingly, not described explicitly as enabling
greater progress on other Goals (except for Goal 2). The network presented in this paper reflects the directions th
influences operate in, motivated by the language and methodology used in the data source; our aim is to move aw
from the conclusion of mutual reinforcement, that ‘progress on every Goal leads to progress on every other Goal’

In summary, according to the analysis presented in the ICSU report, Goals 1-3 emerge clearly as being muc
more heavily influenced by Goals 4-16 than influencing them in turn: Goals 1-3 are ‘downstream’ of Goals 4-16.
This observation is at the root of the statement that Goals 1-3 benefit from the network of influences more thal
other Goals do. The systemic benefits to progress on Goals 1-3 of progress on Goals 4 (Education) and 5 (Genc
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Equality) have been noted in data-driven studies, for exarbplSmith & Haddad [15]. It is also notable that,
according to [10, page 16] within OECD countries there is a need for most progress to be made on Goals 4 and !
looking at OECD averages.

Another interpretation of these results is in terms of the separate viewpoints of ‘science’ and ‘policy’, in the
sense that the ‘science’ viewpoint emphasises the extent to which growth in scientific understanding, skills, ant
technological implementation generates linkages between Goals. Improved measurement or technological sol
tions in an area linked to one Goal (for example the provision of further low-cost generic drugs to developing
countries) can drive improvements elsewhere in the SDG system. Thus the ‘science’ viewpoint is itself alignec
with the intrinsic, and systemic, effects within the network. The ‘policy’ viewpoint accords more clearly with ex-
trinsic effects: the direct investment that governments, and civil society more generally, are able to make in orde
to address local issues related to specific Goals. These are aligned to the ‘directeffoltscribed above. Hence
the results shown in figure 7(a) may provide some kind of coarse-grained insight into the relative importance of
assessing policy options related to each of the SDGs.

The ICSU report is, of course, the first (rather than the last) word on linkages between the SDGs. There ar
many issues left out, for example the influences of progress on poverty reduction (Goal 1) on many other Goals
as remarked on in section 2.5. The ICSU report takes a global viewpoint, and we attempt in this paper to captur
this sense of which linkages were felt to be most important at the time the report was written: it is a snapshot o
an expert community attempting, together, to understand the Agenda 2030 paradigm and how this complex syste
fits together. This paper attempts to continue this process of discernment.

The assumptions made in the modelling in section 3 include, most importantly, that the Goals are actually
achievable by 2030. As a direction for future work it would be of interest to remove this assumption, together
with attempting to estimate, perhaps, different values for the factordtwdt appear in (1), for different Goals
since progress on different Goals will be affected by network effects to an overall greater or lesser degree. A furthe
refinement would be, when computing an optimal allocation of direct effort, as in section 4, to introduce weightings
to capture the fact that direct ‘investment’ towards different Goals will have different marginal costs.

The Prototype Global Sustainable Development Report 2014 [18] provides another example of the kind of
network analysis that the ICSU Report attempts, see table 18 on pp55-58 in [18]. In its section 3.2 ‘Reflection or
synergies and trade-offs’ this table provides a qualitative discussion of the net effect of a number of global trend:
since 1950 on sustainable development progress described in terms similar to, but not precisely the same as, t
SDGs. Entries in this table are either denoted as ‘positive’ (supporting sustainable development), ‘negative’ or a
having no identifiable impact on sustainable development. This table is therefore similar to the Boolean version o
the adjacency matrix described above, and it would be of interest in future work to investigate the properties of this
matrix in itself, and to compare it to the matrix used here from the ICSU Report.

Further, the recent ICSU report [B]Guide to SDG Interactiongfines further the analysis of linkages initiated
in the 2015 ICSU Report, for four of the SDGs: Goal 2 (Hunger), 3 (Health), 7 (Energy) and 14 (Oceans). In each
case key interactions with a subset of the other Goals is discussed in extensive detail, using a seven point scale
describe the level of positive, neutral, or negative interactions between individual targets in these Goals, and those
other Goals. The overall conclusions of the 2017 ICSU Report are that there are no ‘fundamental incompatibilities
between the Goals analysed, but some constraints were identified where coordinated policy interventions would &
required in order to ensure that trade-offs between progress on different Goals did not arise.

It should also, of course, be pointed out that both the analysis presented here, and that presented in the matrix
linkages in [18] take a global viewpoint; a further direction for investigation would be the compilation of matrices
for linkages at the level of regions, or indeed individual countries. This is clearly the ambition of data-driven
approaches [27, 12], and so this more detailed level of analysis of the linkages would complement those studies.

Finally we briefly contrast the analysis here with work by Spaiser et al [16], see also [13]. The key difference
is that these authors build a dynamical systems model directly from available historic data. The data series th:
they select are argued to be useful proxies for progress on the SDGs, and the models therefore describe trajector
of a low-dimensional dynamical system that indicates the linkages in a dynamic way, similar in philosophy to our
model (1). That this modelling approach takes a very different set of starting points, but has similar ultimate aims
to the work set out here, shows the wide range of possibilities for future work in this area, combining data with
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models to provide a systems-level understanding of the SB@dwork for global development.
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Appendix

This appendix provides a brief summary of the detailed analysis of the ICSU Report that was used to construct th
network adjacency matrix illustrated in figure 1.4 is formed as the average of the two matricE8 and A°"

shown in figure 4, i.eA = (A™ 4 A°") /2, The A™ matrix is constructed row by row, with rowcontaining the
influences of the other Goals on GaaSimilarly, the A°** matrix is constructed column by column, with column

j containing the influences of Goalbn each of the other Goals.

A.1 Goal 1. (Poverty): End poverty in all its forms everywhere

The report text (page 17) discusses the impacts of Goals 2 - 16 on Goal 1 and in only one case (Goal 2) does tt
text suggest a two-way link. Hence the contributions to the network weightingare calculated to be

Al = [0,1/5,1/9,1/7,1/6,2/6,1/3,3/10,0,2/7,2/7,0,2/3,0,0,1/10]
A = [0,1/5,0,0,0,0,0,0,0,0,0,0,0,0,0,0

A.2 Goal 2. (Hunger): End hunger, achieve food security and improved nutrition and promote
sustainable agriculture

The report text (pages 21-22) mainly discusses the impact of Goal 2 on Goal 1, and impacts of Goals 3 - 16 ol
Goal 2. The exceptions are Goals 13 and 15.

The linkage text for Goal 13 notes that enhanced resilience to climate change (Goal 13) will support more
sustainable agriculture as well as food and nutrition security: this is a positive influBree2. But also the text
notes the (harmful) influence of increased agriculture on climate change hence we note also the negative influen
of Goal 2 on Goal 13 in entryi;3 5 in the weightings matrix.

For Goal 15 the text is similar: sustainable use and conservation of natural resources links directly with more
sustainable agriculture as well as food and nutrition security; hence the positive inflLieree2 with weight
6/9 since six out of the nine individual targets in Goal 15 are listed. But the text also notes the potential trade-
offs between progress on Goal 2 and the environmental dimensions of Goal 15, mentioning biodiversity loss ir
particular. Since the word ‘biodiversity’ occurs in three out of the nine targets in Goal 15 we assign a weight of
—3/9 to the influence of Goal 2 on Goal 15.

IQHJ = [0,0,4/9,6/7,3/6,6/6,3/3,2/10,2/5,6/7,2/7,7/8,3/3,7/7,6/9,7/10]
A?Et = [5/5,0,0,0,0,0,0,0,0,0,0,0,—1/5,0,—3/9,0]

A.3 Goal 3. (Health): Ensure healthy lives and promote well-being for all at all ages

The report text (pages 25-26) discusses exclusively the effects on Goal 3 of progress on the other Goals. Positi
weightings are assigned to every such link. The report therefore views progress on Goal 3 as an outcome of progre
on the other Goals, rather than being an enabling factor that facilitates progress elsewhere. The report’s view ¢
Goal 3 is similar in this respect to Goals 1 and 2.

AR = [3/5,2/5,0,3/7,3/6,3/6,2/3,5/10,3/5,3/7,2/7,2/8,3/3,1/7,2/9,3/10]
A% = [0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]

A.4 Goal 4. (Education): Ensure inclusive and equitable quality education and promote lifelong
learning opportunities for all

The report text (page 29) discussing linkages between Goal 4 and the other SDGs takes the reverse view to Gc
3: Goal 4 is seen as an enabling factor, positively reinforcing progress on all other Goals, rather than being a
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outcome of any others.

Al = 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
A = [3/5,2/5,2/9,0,1/6,1/6,1/3,3/10,2/5,2/7,2/7,2/8,2/3,2/7,2/9,2/10]

A.5 Goal 5. (Gender): Achieve gender equality and empower all women and girls

The report text (page 33) views Goal 5 similarly to Goal 4: as an enabling factor for progress on most other Goals
Interestingly, Goals 9 and 10 are clearly viewed differently, as factors that themselves enable progress on Go:
5: infrastructure provision (Goal 9) and reductions in inequality (Goal 10) are identified as both having positive
influences on achieving gender equality.

Al = 0,0,0,0,0,0,0,0,1/5,4/7,0,0,0,0,0,0]
AN = [5/5,4/5,8/9,7/7,0,2/6,1/3,4/10,0,0,5/7,3/8,2/3,0,0,5/10]

A.6 Goal 6. (Water): Ensure availability and sustainable management of water and sanitation for
all

The report text (page 27) clearly identifies water availability as an enabling factor for most other SDGs. There are
three cases where the impact of progress on other Goals positively influences progress towards Goal 6, these a
Goal 9, where progress on infrastructure for flood and drought protection and water management is identified; Goz
12, where sustainable consumption and production practices will reduce water use and pollution emissions, hen
enabling progress on Goal 6; and Goal 13, where progress towards climate change targets are identified as affecti
water availability and sustainable water and sanitation development.

AP, = [0,0,0,0,0,0,0,0,2/5,0,0,3/8,2/3,0,0,0]
A% = [3/5,2/5,3/9,2/7,2/6,0,1/3,3/10,0,2/7,3/7,0,0,2/7,3/9,2/10]

A.7 Goal 7. (Energy): Ensure access to affordable, reliable, sustainable and modern energy for all

The report text (page 41) identifies a complex set of linkages for Goal 7. The report describes energy as a vite
resource that is required in order to meet other Goals. In four cases the narrative for linkages describes how progre
on other Goals enables progress on Goal 7. These are: Goal 6, where water availability is identified as a requireme
for the generation of power by conventional forms of generation; Goal 9, where infrastructure in the form of power
grid and transportation networks are required in order to ensure access to energy for all; Goal 14 in which ocear
are identified as a potential space for energy generation, citing offshore wind as an example; and Goal 16 in whic
transparent and corruption-free regimes are observed to be key to delivering energy services affordably.

Two negative linkages are described: Goal 7 negatively impacts on Goal 2 through competition for land, giving
the example of biomass feedstock production, and Goal 7 negatively impacts on Goal 15 since energy projects cz
have a negative impact on ecosystems and biodiversity.

A};,l] = [07070707074/6707074/5707 07 07 073/770’4/10]
A = [2/5,-2/5,1/9,3/7,1/6,0,0,4/10,0,1/7,3/7,3/8,2/3,0, ~3/9,0]

A.8 Goal 8. (Growth): Promote sustained, inclusive and sustainable economic growth, full and
productive employment and decent work for all

The report text (pages 45-46) identifies a similarly complex set of linkages between Goal 8 and the other SDGs¢
In eight cases, growth is seen as a positive enabling factor supporting progress towards other Goals. In five cas
(Goals 7, 9, 10, 12, and 16) the text indicates that this factor supports progress towards Goal 8 itself.
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In two cases a negative influence is identified: Goals 6 and i5edpect of Goal 6, the text comments that
increases in production (growth) can increase water pollution, while water use efficiency can facilitate growth, but
protection of natural resources may inhibit production and growth. Since two targets in Goal 6 are identified, the
linkages between Goals 8 and 6 in both directions have been assigned a weightizy@ of he narrative for Goal
15 is even more complex: sustainable economic growth should minimise the degradation of terrestrial ecosystem
While the impact might be negative in the short term, synergies are expected over the long term. For the linkage
between Goal 8 and both Goals 6 and 15 we have taken the worst case - the most pessimistic, negative, weighti
that is compatible with the text.

Al = [0,0,0,0,0,-2/6,2/3,0,2/5,2/7,0,2/8,0,0,0,3/10]
A% = [3/5,2/5,2/9,3/7,1/6,-2/6,0,0,0,0,3/7,0,1/3,3/7, ~2/9,0]

A.9 Goal 9. (Industry): Build resilient infrastructure, promote inclusive and sustainable industri-
alization and foster innovation

The report text (page 49) produces a reasonably straightforward set of positive linkages between Goal 9 and sorr
but not all, of the other Goals. In nine cases, progress on Goal 9 supports progress on other Goals. In one oth
case, as the narrative comments that inclusive sustainable industrialization requires access to education and sk
for entrepreneurship, it is clear that this Goal, Goal 4, supports Goal 9 itself. In five cases (other than Goal 9 sinc
self-links are not allowed) there are no direct links identified between other Goals and Goal 9.

AR = 10,0,0,2/7,0,0,0,0,0,0,0,0,0,0,0,0]
A%% = [2/5,2/5,0,0,0,1/6,2/3,5/10,0,1/7,4/7,5/8,1/3,0,0,0]

A.10 Goal 10. (Inequality): Reduce inequality within and among countries

The report text (pages 53-54) indicates only zero or positive linkages between Goal 10 and the other Goals. Th
linkages with Goals 4 (Education), 8 (Growth) and 16 (Peace) are described as ‘both a consequence and a cat
of’ Goal 10, interpreted as positive links in both directions between these Goals and Goal 10. Progress on Goa
9 (Industry) and 11 (Cities) are described as having the power to enable progress on Goal 10; in all other case
progress on other Goals is described as being enabled by progress on Goal 10.

i1%,j = 10,0,0,1/7,0,0,0,2/10,1/5,0,1/7,0,0,0,0,5/10]
A;’% = [2/5,1/5,2/9,1/7,1/6,1/6,1/3,2/10,0,0,0,1/8,1/3,1/7,0,5/10]

A.11 Goal 11. (Cities): Make cities and human settlements inclusive, safe, resilient and sustainable

The report text (page 57) does not provide the same detailed analysis for the linkages to and from Goal 11 as for tt
other Goals. The summary text states that ‘Key goals that intersect with SDG 11 are 1, 3,6, 7, 8, 9, 10, 13, and 16
No detailed discussion is given of which targets would be enabled within these Goals. We have therefore allocated
weighting of1/2 to each of these linkages, taken as being a linkage in which progress on Goal 11 enables progres
on these other Goals. We take the linkages to be this way around since the report text continues by stating th
‘Progress on all other goals will have a positive impact in cities,...” which we interpret as a statement contrasting
the general sense of linkages between all Goals, and in particular that progress on other Goals will enable Goal 1
with the subset of Goals and nature of linkage implied in the earlier statement.

Allri,] = [0707 0707 0707 070707 07 07 07 07 07 07 0]
?‘ﬂ = [1/2,0,1/2,0,0,1/2,1/2,1/2,1/2,1/2,0,0,1/2,0,0,1/2]
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A.12 Goal 12. (SCP): Ensure sustainable consumption and pragtion patterns

The report text (page 61) describes progress on Goal 12 (SCP) as enabling progress on other Goals. Although sol
positive linkage is vaguely indicated for each Goal, the targets listed against the linkage with Goals 5 (Gender) an
13 (Climate) are only described as ‘indirect links’ and means of implementation paragraphs are referred to, no
specific targets. We have therefore assigned these a direct weighting of zero.

11%,] = [050’050’050’050’ 0’ 0’0’0’0’05050]
oy = [3/5,5/5,3/9,1/7,0,5/6,3/3,5/10,4/5,1/7,4/7,0,0,2/7,5/9,3/10]

A.13 Goal 13. (Climate): Take urgent action to combat climate change and its impacts

The report text (page 65) highlights the many direct and indirect linkages between progress on Goal 13 and progre:
on the other SDGs. These most take the form of impacts of climate change on other Goals, hence positive weigh
ings in links from Goal 13 to other Goals, indicating that progress on Goal 13 has a positive influence on progres:
on other Goals. In two cases, Goal 7 (Energy) and Goal 12 (SCP) the text indicates an influence in the other direc
tion, from these Goals to Goal 13. In the cases of Goal 1 (Poverty), Goal 6 (Water) and Goal 11 (Cities) there art
positive links in both directions but we conclude that these are best described through unequal weightings in th
two directions. For Goals 4 (Education) and 5 (Gender) the report text indicates only ‘indirect links’ and does not
list any specific targets, so we set these weightings to zero.

Ailrils,j = [1/57070707073/673/372/107 1/571/77 1/775/870707070]
5 = [3/5,2/5,3/9,0,0,1/6,0,1/10,1/5,1/7,4/7,0,0,2/7,7/9,1/10]

A.14 Goal 14. (Oceans): Conserve and sustainable use the oceans, seas and marine resources for
sustainable development

The report text (page 69) for Goal 14 strongly emphasises the existence of negative links between Goal 14 an
other Goals, both in the use of the phrase ‘trade-offs’ and the explicit commerit.thadme links are positive

but there is also potential for goals to undermine each other (with action to achieve one goal resulting in other
goals becoming harder to achieves a result we have therefore taken a conservative approach to the weightings,

resulting in a noticeably large number of negative weightings for edges between Goal 14 and other SDGs. Th
most negative weights are from Goals 2 (Hunger), 11 (Cities) and 15 (Ecosystems) to Goal 14, i.e. progress o
these three Goals has the most potential to have a negative impact on progress towards Goal 14. It is also wor
remarking that all the direct influences of progress on Goal 14 itself are positive.

if}l’j = [0,—4/5,0,0,0,0,-1/3,-5/10,0,0,—5/7,0,0,0,—7/9,0]
Ag‘ﬂ = [2/5,0,1/9,0,0,2/6,0,0,3/5,0,0,5/8,3/3,0,0,4/10]

A.15 Goal 15. (Ecosystems): Protect, restore and promote sustainable use of terrestrial ecosystems,
sustainably manage forests, combat desertification, and halt and reverse land degradation and halt
biodiversity loss

The report text (pages 73—74) presents only positive links between Goal 15 and the other SDGs. Noticeably fewe
individual targets in other Goals are listed, which leads to the conclusion that the overall strengths of links betweel
Goal 15 and the rest of the SDGs are lower than for other Goals: Goal 15 is less clearly connected to the rest of tt
SDG network.

B, = 10,0,01/7,1/6,0,1/3,0,0,0,0,0,0,0,0,0]
A = [2/5,3/5,1/9,0,0,2/6,0,1/10,1/5,1/7,4/7,2/8,2/3,2/7,0,2/10]
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A.16 Goal 16. (Peace): Promote peaceful and inclusive sogext for sustainable development, pro-
vide access to justice for all and build effective, accountable and inclusive institutions at all levels

The report text (pages 77—-78) is noticeably sparse in indicating connections between Goal 16 and the other SDC
There are no negative weightings. The highest weightings are with Goal 5 (Gender) and Goal 17 (Means o
Implementation) but since Goal 17 is not considered within this network of linkages, this leaves only one significant
link, with Goal 5. Because of the use of the term ‘synergies’ in the discussion related to Goals 4 (Education) anc
5 (Gender), and the bidirectionality indicated in the general narrative on page 77, we assign the weights to links i
both directions between Goal 16 and both of Goals 4 and 5.

%, = [2/5,0,0,2/7,4/6,0,0,0,1/5,0,0,0,0,0,0,0]
A9 = 10,0,0,2/7,4/6,0,0,0,0,0,0,0,0,0,0,0]
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e

Goal: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1. Poverty AT 5 1/9 1/7 16 2/6 13 3/10 217 217 2/3 1/10
At 1/5
2. Hunger Agjj 4/9 e6/7r 3/6 6/6 3/3 2/10 2/5 6/7 2/7 7/8 3/3 7/7 6/9 7/10
A% 5/5 -1/5 -3/9
3. Health Ay, 35 25 3/ 3/6 36 2/3 510 3/5 3/7 2/7 2/8 3/3 17 2/9 3/10
Ayt
4. Education A},
Aut 3/5  2/5 219 16 1/6 13 3/10 2/5 2/7 2/t 2/8 2/3 2/t 2/9 2/10
5. Gender AL, 15 417
A9yt 55 4/5 89 77 216 1/3 4/10 5/7 3/18 2/3 5/10
6. Water Ag; 2/5 3/8 213
APt 85 2/5 319 2/7 2/6 1/3  3/10 217 317 2/7  3/9 2/10
7. Energy A7 4/6 4/5 3/7 4/10
At 2/5 -2/5 1/9 3/7 1/6 4/10 7 3/7 318 2/3 -3/9
8. Growth AR -2/6 2/3 215 2[7 2/8 3/10
A% 3/5 2/5 2/9 3/7 1/6 -2/6 317 13 3/7 -2/9
9. Industry Ag'; 217
A9yt 215 2/5 1/6 2/3 5/10 17 4/7 5/18 1/3
10. Inequality  AYj ; 17 2/10 1/5 17 5/10
Agwy 2/5 15 2/9 1/7 16 1/6 1/3 2/10 U8 1/3 177 5/10
11. Cities AR
A% 172 112 12 12 12 U2 12 12 12
12. SCP AV
A;?‘{t; 3/5 5/5 3/9 1/7 5/6 3/3 5/10 4/5 1/7 Al7 2/7 5/9 3/10
13. Climate Ay, 1/5 3/6 3/3 210 1/5 17 17 5/8
A9yt 3/5  2/5 3/9 1/6 10 15 Ur 417 27 7/9 1/10
14. Oceans A%} ; -4/5 -1/3  -5/10 -5/7 -719
AT, 205 1/9 2/6 3/5 5/8 3/3 4/10
15. Ecosys Al ; 17 1/6 1/3
Ayt 2/5  3/5 1/9 2/6 110 1/5 U7 47 218 213 217 2/10
16. Peace Afe; 205 2[7 46 1/5
AT 27 4/6

Table 3: A summary of the raw data from which the network adjacency matrit&sand A°"* are constructed. The overall linkage matrix is then computed as

A = (A + A°ut) /2. Blanks indicate zero entries.



